


6 _ 2

k._



REPORT OF THE NASA WORKSHOP ON

GLOBAL WIND MEASUREMENTS



Report of the Workshop on
GLOBAL WIND MEASUREMENTS

Convened in Columbia, MD
July 29-August 1, 1985

Sponsored by the

NASA Global Scale Atmospheric Processes Research Program
under NASA Langley Research Center Contract No. NAS1-18057

Organized by

Science and Technology Corporation
P.O. Box 7390, Hampton, VA 23666-0321



REPORT OF THE NASA WORKSHOP ON

GLOBAL WIND MEASUREMENTS

Edited by

WAYMAN E. BAKER
NASA Goddard Space Flight Center

Greenbelt, MD

and

ROBERT J. CURRAN
NASA Headquarters

Washington, DC

A. DEEPAK PUBLISHING 1985
A Division of Science and Technology Corporation

Hampton, Virginia





CONTENTS

List of Tables ................................................................

Organizing Committee ..........................................................

Preface ...................................................................

I. EXECUTIVE SUMMARY .............................................

lI. WORKSHOP REPORT ................................................

1. INTRODUCTION ..................................................

. OBSERVATIONAL REQUIREMENTS FOR THE VARIOUS

ATMOSPHERIC SCALES ..........................................

2.1 Global and Synoptic Scale Requirements ............................
2.2 Wind Data Required for Mesoscale Applications .....................

2.3 Other Requirements for Wind Measurements ........................
2.4 Recommendations ...............................................

. OBSERVING SYSTEM SIMULATION EXPERIMENTS ................

3.1 Background ....................................................
3.2 Recent Simulation Studies ........................................

3.3 Recommendations ...............................................

. OPERATIONAL WIND SENSING TECHNIQUES .....................

4.1 Balloon-based Systems ...........................................
4.2 Cloud-motion Winds ............................................

4.3 Other Techniques ...............................................

. POTENTIAL SPACE-BORNE TECHNIQUES .........................

5.1 Introduction ...................................................

5.2 Instrument Description and Status and Areas of Application ...........

5.2.1 Doppler Radar Winds ......................................

5.2.1.1 Microwave Systems ..................................
5.2.1.2 UHF/VHF Radar ...................................

5.2.1.3 Bistatic Systems .....................................
5.2.2 Scatterometer .............................................

5.2.3 Passive Triple-Etalon Fabry-Perot Interferometer ...............
5.2.4 Electro-Optical Phase Modulation Correlation Wind Sensor ......

5.2.5 Enhanced Geosynchronous Satellite Wind Measurements .........

5.2.6 Lidar Systems .............................................
5.2.6.1 Aerosol Structure Correlation Technique ................

5.2.6.2 Incoherent Excimer Doppler Lidar Systems ..............

5.2.6.3 Incoherent 0.5 _m Nd:YAG Doppler Lidar ..............

5.2.6.4 Coherent 1.06/_m Nd:YAG Doppler Lidar ..............

5.2.6.5 Coherent CO: Doppler Lidar ..........................

5.3 Resolution, Accuracy, and Coverage ................................

5.4 Recommendations ...............................................

page

vii

xi

7-_/

7

9

10

10

13S,5_-

13

14

15

17 -

17

18

19

21 _-/
21
21

21

21

21

22

22

23

23

23
24

24

24

24

25

25

26

27

PRECEDING PAGE BLANK NOT FILMED



. ATMOSPHERIC AEROSOLS AND RELATED TRACERS

6.1

6.2
Background ....................................................

Atmospheric Constituents Required for Lidar Measurements ...........

6.2.1 Current Knowledge of Tropospheric Aerosols ...................

6.2.2 Current Knowledge of Stratospheric Aerosols ...................

6.3 Sampling Strategies and Error Analyses .............................

6.3.1 Passive Doppler Interferometer/Spectrometer ..................

6.3.2 Active Doppler Impediments .................................

6.4 Currently Planned Efforts ........................................

6.5 Areas Requiring Further Study ....................................
6.6 Recommendations ...............................................

. AIR FORCE DEVELOPMENTS TOWARD SPACE WIND SENSING .....

7.1 Introduction ...................................................

7.2 Currently Planned Efforts .......................................
7.3 Recommendations ...............................................

. RECOMMENDATIONS ............................................

8.1 Meteorological Uses of Wind Measurements .........................

8.2 Wind Sensing Techniques .........................................

8.3 Atmospheric Aerosols ...........................................

9. REFERENCES .....................................................

APPENDIX A--TECHNICAL PROGRAM .................................

APPENDIX B--LIST OF PARTICIPANTS .................................
APPENDIX C--GLOSSARY OF ACRONYMS ..............................

29"

29

29
29

30

31

31

32

33

34

35

37 ')':

37

38
38

41

41

42

44

7 _j !

A- 1 !

B-I ;
C-I

vi



LIST OFTABLES

page

2.1 Rootmeansquarevaluesof satellitewind componenterror .................. 8
2.2 Observationalresolutionrequiredto nowcastor forecastvariousmesoscale

phenomena........................................................... 9
5.1 Expectedresolution,measurementaccuracy,andcoverageof thevariouswind

sensors............................................................... 26

vii





ORGANIZINGCOMMITTEE

Lt. Col. Charles P. Arnold, Jr.
United States Air Force

Dr. Robert M. Atlas

NASA Goddard Space Flight Center

Dr. Wayman E. Baker

NASA Goddard Space Flight Center

Mr. James Bilbro

NASA Marshall Space Flight Center

Lt. Col. John S. Bohlson

United States Air Force

Dr. Robert J. Curran

NASA Headquarters

Dr. Clifford H. Dey

NOAA National Meteorological Center

Maj. Gary Duke
United States Air Force

Dr. G. David Emmitt

Simpson Weather Associates, Inc.

Dr. George Fichti
NASA Marshall Space Flight Center

Dr. Dan Fitzjarrald
NASA Marshall Space Flight Center

Dr. Freeman F. Hall

NOAA Wave Propagation Laboratory

Mr. R. Milton Huffaker

Coherent Technologies, Inc.

Dr. Eugenia Kalnay

NASA Goddard Space Flight Center

Dr. James B. Laudenslager

NASA Jet Propulsion Laboratory

Dr. M. Patrick McCormick

NASA Langley Research Center

Dr. S. H. Melfi

NASA Goddard Space Flight Center

Dr. Robert T. Menzies

NASA Jet Propulsion Laboratory

Dr. Joanne Simpson
NASA Goddard Space Flight Center

PRECEDING PAGE BLANK NOT FILMED
ix





PREFACE

This report contains a summary of the discussions which took place during the Sym-

posium and Workshop on Global Wind Measurements held 29 July-I August 1985 at the

Columbia Inn in Columbia, Maryland. The objectives and agenda for the Symposium and

Workshop were decided during a planning meeting of the Organizing Committee (see page ix)

held in Washington, DC, on 5 February 1985.

Invited papers were presented at the Symposium by meteorologists and leading experts in

wind sensing technology from the United States and Europe. A special session was also held

on the progress being made in wind sensing technology by the United States Air Force. The

Workshop Participants were then divided into discussion groups in order to focus on key
issues raised during the Symposium presentations. It is hoped that this Workshop Report will
serve as a useful reference for the current research and development activities involving the

meteorological uses of wind data and wind sensing technology and will contribute to the

enhancement of our current wind observing capability.

The editors would like to acknowledge the excellent support and cooperation of the ses-

sion chairmen and speakers which were essential to the success of the Symposium and

Workshop. Many of the Workshop Participants who are listed in Appendix B contributed

significantly to the writing of this Report. Their efforts are gratefully appreciated. Mr. James
Bilbro, NASA Marshall Space Flight Center, Dr. Freeman Hall, NOAA Wave Propagation

Laboratory, and Dr. Joanne Simpson, NASA Goddard Space Flight Center, contributed

substantially to the organization of the Symposium sessions. Thanks are also due to Dr. John

Theon, NASA Headquarters, for his helpful comments during the Workshop discussions. It is

a pleasure to acknowledge the outstanding support provided by the Meetings Division staff of

Science and Technology Corporation (STC), particularly the assistance of Carolyn Keen and

Marilou Phillips with the Symposium and Workshop. Mary Goodwin and Diana McQuestion
of the STC Publications Division did a superb job in typesetting and printing this Report.

Mary Ann Wells and Donna Candido of M/A COM Sigma Data Incorporated patiently and

expertly typed the many drafts of the Report.

Wayman E. Baker
Robert J. Curran
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PART I. EXECUTIVE SUMMARY

Contained in this report is a summary of the discussions which took place during the

Symposium and Workshop on Global Wind Measurements held 29 July-I August 1985. The

overall objectives of the Workshop were to:

1. Review the requirements for wind measurements for the various atmospheric scales;

2. Determine the capabilities and shortcomings of the current wind observing systems;

3. Critically appraise each potential new wind observing system; and

4. Establish requirements for future research and development.

Since a large majority of the work in this subject area takes place either in United States

government laboratories or at universities and private industry supported through contracts

from government agencies (NASA, NOAA, and DOD), the Workshop Organizing Committee

included representatives from these respective areas. In order to meet the objectives listed

above, meteorologists and leading experts in wind sensing technology from the United States

and Europe were invited to present papers addressing:

1. The meteorological uses and requirements for wind measurements,
2. The various techniques for satellite remote sensing of wind and the latest

developments in wind sensing technology, and
3. The status of our understanding of the atmospheric aerosol distribution (important

for many wind sensing techniques).

A Proceedings of the Symposium containing a collection of the papers presented will be

published separately.

Following the formal presentations, the Workshop Participants were divided into discus-

sion groups to focus on key issues raised during the Symposium and work toward meeting the

objectives of the Workshop listed above. Through the course of these discussions a consensus
was reached on a set of recommendations which should help focus future research and

development efforts toward the enhancement of our current wind observing capability. Only
the recommendations having the highest priority for developing a spaceborne wind sensor will

be mentioned in this summary. Other recommendations, equally important for the develop-

ment of a comprehensive wind observing system and for improving the meteorological uses of

wind data, are contained at the end of Sections 2 through 7. All of the recommendations are

presented in Section 8.

Recent simulation studies have shown the importance of utilizing vertical profiles of wind

data for numerical weather forecasting. The results indicate that useful forecast skill would be

advanced by as much as 24 h in the southern hemisphere with wind profiles from a space-
based lidar wind sensor. In addition, because wind profiles are primarily measured by land-

based rawinsondes at the present time, the oceanic areas (covering roughly three quarters of

the Earth's surface) and many regions of the less-developed southern hemisphere land areas

are poorly observed. Therefore, it is recommended that a space-based lidar wind sensor be

developed in order to provide data for the investigation of atmospheric phenomena peculiar to

these regions as well as data for global weather forecasting.

Techniques identified for satellite measurements of wind profiles all utilize laser radar

(lidar) transmitters. The transmitters operate in the visible and infrared portion of the spec-
trum, with the received signal due to backscattering from atmospheric aerosols. Because the

speed of light is nearly constant (depending only on the index of refraction of the atmosphere),
the time of flight of the laser pulse can be used to relate the received signal to the atmospheric



altitudefrom whichit isbackscattered.Thelidar techniqueswith themostextensivedevelop-
mentcomparethefrequencyof thereceivedsignalto that of thetransmitterto determinethe
Dopplershift, and hencethe radialvelocityof theatmosphericaerosolsrelativeto the lidar
system.Suitableknowledgeof thespacecraftvelocityandmultipleobservationsfor thesame
locationat differingazimuthalanglesallowoneto determinethewindvector.

Becausetheamountandvariabilityof theatmosphericaerosolbackscatterisakeyfactor
in determiningsatellitelaserpowerrequirementsandbecauselittle is knownaboutthegeo-
graphicalor seasonalvariabilityof theaerosolbackscatter,it is strongly recommended that an

aerosol backscatter survey experiment be conducted. This experiment would combine mea-
surements of aerosol profiles from available ground-based lidar observatories as well as with

data collected from a dedicated aircraft-based observing system. In addition, it is also recom-

mended that data from previous and possibly continuing satellite experiments (e.g., SAM II,

SAGE l, and SAGE If) be investigated for their potential in estimating aerosol backscatter
variability.

A more complete understanding of the three-dimensional atmospheric wind field is not

only essential for improved global weather forecasting, it is also important for the investiga-

tion of the complex interactions between the atmosphere, the biosphere, and the hydrosphere.

There is agreement within the scientific community that one of the key ingredients needed for

making significant progress in addressing the myriad of multidisciplinary questions confront-

ing the Earth sciences is in our ability to treat the Earth as an integrated system composed of

interactions among the various subsystems (atmosphere, biosphere, and hydrosphere). In
order to accomplish this, observational capabilities must be developed to collect data from the

small scales up to those which can be measured by a satellite-based observing system.

For the satellite-based segment of the total observing system, a number of polar orbiting

satellites are being considered as part of an Earth Observing System (Eos) mission. Eos would

be an ideal mission in which the Doppler lidar wind profiler could participate because of the

synergism it will provide among the many types of instruments. In addition, the Doppler lidar

system presently envisioned has physical requirements compatible with the capabilities of the

Eos platform. Therefore, it is recommended that the Doppler lidar wind profiler be considered
for participation in Eos.

The Doppler lidar with the most extensive background in terms of ground-based and air-

borne applications and testing is the CO2 coherent Doppler lidar. Even though this system has
an impressive heritage, a number of technological issues remain to be addressed before it can

be considered for a year or more of autonomous operation on a polar orbiting platform in-
cluding: (1) the demonstration of a laser with adequate power and suitable spectral coherence

in a space environment, and (2) the demonstration of reasonable laser lifetime at the power

levels required. A useful step toward the implementation of a Doppler lidar wind profiler on a
polar orbiting platform would be its participation in a lower altitude Shuttle mission of one to

two weeks duration, such as that proposed for the Shuttle Coherent Atmospheric Lidar Ex-

periment (SCALE) discussed in Section 5.2.6.5. Besides demonstrating the wind sensing
capability of the Doppler lidar at the lower power levels commensurate with the lower Shuttle

altitude, a number of interesting scientific questions could be pursued with such a mission.

Consequently, it is recommended that serious consideration be given to conducting a coherent
C02 Doppler lidar experiment on the Shuttle.

In conclusion, in this brief summary and the Workshop Report that follows, the scientific

justification and rationale for obtaining satellite-based wind profiles are presented. A variety
of different wind sensing techniques are discussed as well as the remaining technological issues



which needto beaddressedbeforeoperationaldeploymentin spacecanbe achieved.The
EarthObservingSystemisidentifiedasthemostpromisingplatformfrom whichawindsens-
ingsystemcouldprovidethegreatestscientificreturn.Finally,thestepsto betakento achieve
thiscapabilityin spacearediscussed.





PART II. WORKSHOP REPORT

SECTION l

INTRODUCTION

The Symposium and Workshop on Global Wind Measurements, sponsored by the NASA

Global Scale Atmospheric Processes Research Program, was held 29 July-I August 1985 at the

Columbia Inn in Columbia, Maryland. Invited papers were presented at the Symposium
(Appendix A contains the technical program) by meteorologists and leading experts in wind

sensing technology from the United States and Europe on: (1) the meteorological uses and re-

quirements for wind measurements, (2) the latest developments in wind sensing technology,
and (3) the status of our understanding of the atmospheric aerosol distribution. A special ses-

sion was also held on the latest developments in wind sensing technology by the United States
Air Force.

The Workshop participants (Appendix B) were divided into discussion groups in order to

focus on key issues raised during the Symposium presentations (a Proceedings containing a

collection of the papers presented at the Symposium will be published separately) and to:

(1) review the requirements for wind measurements for the various atmospheric scales,

(2) determine the capabilities and shortcomings of the current wind observing systems,

(3) critically appraise each potential new wind observing system, and (4) establish require-

ments for future research and development. The consensus of the Workshop was that the

measurement of tropospheric wind profiles over data-sparse regions would significantly im-

prove numerical weather forecasts, that it is now technologically feasible to measure winds

from space, and that a vigorous program should be pursued to assess the geographical

distribution of atmospheric aerosols, a critical issue for a spaceborne wind observing system.

This report attempts to summarize the conclusions from the Workshop discussions and pre-
sent recommendations for achieving the long-term goal of constructing a spaceborne wind-

sensing system as part of the Earth Observing System (Eos) in the 1990s. In Section 2, the

observational requirements for wind measurements are provided. The results of some observ-

ing system simulation experiments are presented in Section 3. The wind sensing techniques

which are already operational are discussed in Section 4, and the various potential spaceborne

techniques are reviewed in Section 5. Section 6 presents the status of our understanding of

atmospheric aerosols, and recent developments toward space wind sensing by the United
States Air Force are contained in Section 7. Finally, the recommendations of the Workshop

are summarized in Section 8, and references are provided in Section 9.

PRECEDING PAGE BLANK NOT F_LMED





SECTION 2

OBSERVATIONAL REQUIREMENTS FOR THE VARIOUS ATMOSPHERIC SCALES

There is a wide variety of requirements for wind measurements at the different atmo-

spheric scales. Wind observations are needed for both operational as well as research pur-

poses. This section will concentrate primarily on the requirements for wind measurements for

numerical weather (or atmospheric) analysis and prediction, but other needs will also be
addressed.

2.1 GLOBAL AND SYNOPTIC SCALE REQUIREMENTS

One of the most important applications of wind observations is the field of numerical

weather prediction (NWP). Significant progress has been made in this area in the last ten years,

especially with the development of accurate global numerical weather prediction models, as

well as with improved global coverage of the atmosphere provided by satellite observing

systems. With the successful completion of the Global Weather Experiment in 1979, opera-

tional centers [e.g., European Centre for Medium Range Weather Forecasts (ECMWF), Na-

tional Meteorological Center (NMC)] and research laboratories [e.g., Geophysical Fluid

Dynamics Laboratory (GFDL), Goddard Laboratory for Atmospheres (GLA)] began produc-

ing forecasts that retained some useful skill beyond five days, much longer than was possible

just a few years before. However, we are still not close to the two-week theoretical limit of

dynamical predictability, and it is clear that further improvements will be necessary both in the

observations that provide the initial data for the models as well as in the objective analysis

techniques and in the models themselves.

The first numerical weather prediction models were designed to use only mass (pressure

and temperature) data. Winds were derived from the mass observations using the geostrophic

relationship. This relationship assumes that the latitudinally dependent Coriolis force is

balanced by the pressure gradient force. This was a natural choice because pressure observa-
tions were more abundant and more accurate than wind observations. Recently, however, it

has become increasingly clear that wind data are extremely effective for use in numerical
weather prediction. There are two independent reasons for this (Kalnay et al., 1985). The first

reason derives from the concept of geostrophic adjustment (Rossby, 1938; Washington, 1964;

Daley, 1980). For most of the scales of importance to numerical weather prediction, the

models effectively retain wind data incorporated into the initial conditions. Pressure or height

data are not retained as well unless they are forced a priori to be in geostrophic balance with

the winds. Simply posed, for most of the scales important to NWP, models accept the wind

data more readily than the mass data.

The second reason why winds are an extremely effective source of data comes from the

well-known fact that integration of noisy data reduces the effect of random noise, whereas dif-

ferentiation enhances the effect of noise. The geostrophic relationship implies that wind is pro-

portional to the horizontal pressure gradient, so that winds become an increasingly more

accurate measure of the atmospheric state than pressure or height measurements for increas-

ingly smaller scales. Specifically, winds are relatively more accurate than height measurements

if 6v < (2ng/Lfo)/6z, where 6v and 6z are the wind and height errors respectively, L the

horizontal scale, g gravitational acceleration, and fo the average value of the Coriolis

parameter. As pointed out by Phillips (1983), this relationship indicates that for short scales

7 tt/t_ii,, _(___._. ....r._' i __, _;',' _ _I.._



(L_2000km),satellitewindswithacomponentaccuracyof 2.7ms-Iat 500mband5.0ms-_at
250mb wouldbringthecombinedaccuracyof satellitetemperatureandwindsto thesame
levelgloballythat thecurrentrawinsondenetworkhasoverlandin thenorthernhemisphere
(seeTable2.1below).

TABLE 2.1. Root-mean-square values (ms -I) of satellite

wind component error (as a function of horizontal scale)

that will, in combination with satellite temperature data,

produce midlatitude analyses over the ocean as accurate

as the conventional rawinsonde system does over con-

tinents. The figures should be multipled by ',/-2 to give

rms vector wind errors. Reproduced from Table 2 of

Phillips (1983).

Horizontal Scale

L(106 m)

Pressure level

500 mb 250 mb

2 2.7 5.0

4 1.8 3.7

6 1.2 2.8

8 1.0 2.2

As pointed out by R. Rosen (personal communication, 1985), a measure of the accuracy

of current operational wind analyses can be obtained by comparing the differences between
NMC and ECMWF time series of the atmosphere's angular momentum, which is proportional

to the zonally averaged zonal wind field. When separated into latitude belts, the NMC-
ECMWF differences demonstrate their sensitivity to the current distribution of wind observa-

tions. Thus, these differences are vanishingly small in northern hemisphere middle and high

latitudes, but are significant within the tropics and southern hemisphere extratropics. This lat-

ter result provides an interesting insight into the relative importance of mass and wind data

outside the tropics, for although temperatures in the midlatitudes of the southern hemisphere

are provided by satellite retrievals, these do not appear to be adequate enough to compensate
for the lack of wind data there.

In the tropics, wind observations are even more important for numerical weather predic-

tion since the quasi-geostrophic balance, present in the midlatitudes, breaks down. As a result,

the wind field cannot be determined from the height field. Moreover, a reliable estimate of the

divergent component of the wind is necessary to depict the convective areas in the tropics

which provide a source of energy for not only the equatorial regions but also at times the

midlatitudes. Recently, Krishnamurti et al. (1984) have found that tropical divergent and non-

divergent circulations display interesting contrasts between E1 Niilo and non-E1 Niilo years. A

number of other anomalous circulations are also apparent in the tropical wind field.

The problem of data assimilation in the tropics is particularly serious because of the lack

of wind profiles throughout the troposphere. Single-level reports, such as from cloud-track

winds, are inadequate to capture the detailed vertical structure of the tropical atmosphere (also

a problem in the midlatitudes). This may explain why in some cases the tropical wind data

which existed during FGGE _(primarily cloud-track wind data) exerted a negative influence on

the extratropical forecasts (Baker and Paegle, 1983; Kalnay et al., 1985). The impact of the
cloud-track wind data would undoubtedly be more positive if the quality is improved. Also,

wind profiles are needed to reduce the rapid model error growth in the tropics resulting from

deficiencies in parameterizing convective activity.

_First GARP (Global Atmospheric Research Program) Global Experiment



2.2 WIND DATA REQUIRED FOR MESOSCALE APPLICATIONS

Along with the increasing recognition of the importance of having global measurements

for successful medium range (3-10 days) and short range (I-2 days) numerical weather

forecasts, the importance of obtaining mesoscale and cloud-scale observations for very short

term (3-18 h) forecasts and nowcasts (0-3 h) is also becoming increasingly evident. For exam-

ple, there is more and more evidence that many of the most significant cool and warm season

weather events are strongly impacted by jet streaks and their associated secondary (vertical)

circulations (e.g., Cahir, 1971; Brill et al., 1985). The conventional sounding network has dif-

ficulty resolving these mesoscale features and, as a consequence, the initial conditions for

operational numerical models fail to capture important details necessary for a successful

forecast. Obtaining the necessary mesoscale information to make such predictions is par-

ticularly important in this case since mesoscale convective systems are responsible for much of

the severe weather and many flash floods now the leading meteorological cause of fatalities

and property damage in the United States. On even smaller scales (e.g., cloud-scale circula-

tions), it is now well documented that high-resolution (in both time and space) observations of

boundary layer winds are necessary to nowcast the disastrous low-level wind-shear conditions

(microburst) that frequently plague the aviation industry during takeoffs and landings

(Roberts and McCarthy, 1985). Morever, numerical experiments with three-dimensional

thunderstorm models have shown how knowledge of the local wind hodograph is one of the

key factors in determining whether or not a severe thunderstorm becomes tornadic. Neither

the high resolution boundary layer winds nor the local wind hodographs are routinely

available for operational use. Thus, it is evident that, from global scale atmospheric

phenomena down to individual cloud circulations, there is a strong need for additional wind

measurements.

The observational resolution generally required to nowcast or forecast various mesoscale

phenomena, which is addressed in a variety of documents (e.g., Federal Coordinator for

Meteorological Services and Supporting Research, 1982; The National STORM 2 Program,

1984; Shenk et al., 1985; National Environmental Satellite, Data, and Information Service,

1985), is contained in Table 2.2. The scale subdivision generally follows that suggested by

Orlanski (1975) for the meso-or and meso-/3 phenomena. The last column in Table 2.2 might be

TABLE 2.2. Observational resolution required to
nowcast or forecast various atmospheric phenomena.

Characteristic resolution

meso-a _ meso-/3 z meso-y 3

Horizontal 100 km 10 km 0.1 km
Vertical 25 mb 10 mb 10 mb
Temporal i h 10 rain 1 rain

The initiation of a mesoscale convective system
(MCS) (The National STORM Program, 1984), for
example.
Quantitative description of the internal structure of
the MCS (The National STORM Program, 1984), for
example.
Low-level wind-shear (microburst), for example.

2 STormscale Operational and Research Meteorology



better referred to as microscale. However, the majority of requirements addressed in this
report best fit into the global and synoptic scale and mesoscale categories. The observational

requirements listed for the microburst problem, for example, are therefore denoted as meso-y
requirements because most of the microscale requirements are not addressed in this report. It

would seem from Table 2.2 that satellite-based remote sensing platforms, because of their or-

bital constraints, would be most helpful in meeting the observational requirements at the

meso-a scale. For the meso-/3 and meso-y phenomena, ground-based systems such as the Dop-
pler radar wind profilers (Schlatter, 1985) would seem to be the most useful. However, in

some situations geosynchronous cloud-motion winds could be useful for meso-/3 events.

2.3 OTHER REQUIREMENTS FOR WIND MEASUREMENTS

In addition to the fundamental meteorological requirements for wind measurements,

there are vital needs for wind measurements in direct support of both civilian and military
activities. Typically, operational data requirements are described in terms relevant to the

operational decision to which the data will be applied. Some examples of these applications

would be: when to launch a space vehicle, which aircraft or ship route to follow in order to

minimize fuel consumption, where and how to move people and equipment, whether to
evacuate or seek shelter in advance of severe weather. For the decision of whether or not to

launch a space vehicle, for example, critical values of wind shear or turbulence must be deter-

mined along the flight path. A horizontal resolution of less than 1 km, vertical resolution on
the order of tens of meters, and accuracies on the order of 1 to 2 m s-1are desirable.

Accurate, global measurements of wind data would also be helpful in a variety of

diagnostic investigations such as in studies of the transport of water vapor, ozone, and other

atmospheric constituents. Also, as pointed out by R. Rosen (personal communication, 1985),
the geodynamics community would benefit from accurate, global wind measurements as well.

Recent studies of the angular momentum balance of the earth-atmosphere system reveal that

current geodetic and atmospheric data sets are capable of detecting day-to-day changes in this

balance to very good precision. The geodetic measurements of changes in the solid earth's

angular momentum, reckoned in terms of changes in the length of day, are derived from a

variety of space-based techniques that are expected to become significantly more accurate in

the next several years. On the one hand, this means that the geodynamics community will

desire increasingly more accurate analyses of the atmosphere's angular momentum. On the

other hand, high precision earth rotation data have the potential of providing an important
global constraint on analyzed variations in the zonal wind field.

2.4 RECOMMENDATIONS

From the material presented above, it is recommended that for the global and synoptic"
scales:

1. The coverage of the present global operational observing system for measuring winds

should be increased over the oceans and in the tropics and the southern hemisphere.

2. The spatial and temporal resolution should be compatible with the resolution of the
present and future numerical prediction models. A horizontal resolution of about

100 kin, vertical resolution of about 1 km (_ 0.5 km in the boundary layer and vicinity
of the jet stream), and temporal resolution of 6 h are needed.

10



3. Theaccuracyof thehorizontalwindcomponentsshouldbeontheorderof 1to 2ms-_
in the lowertroposphereand2 to 5m s-_in theuppertroposphere,in orderto make
theobservingsystemovertheoceansasusefulastherawinsondenetworkoverland.

4. Wind profilesratherthansingle-leveldatashouldbemeasuredfor usein numerical
analysisandforecastingbecausetheprofiledatacanbeutilizedmoreeffectively.Re-
centsimulationstudies(seeSection3)alsoindicatethatmoreaccurateforecastswould
result from using additional wind profiles compared to those obtained with additional

single-level winds.

For the mesoscale, it is recommended that:

5. Satellite-borne remote sensing platforms should be used to obtain 100 km (meso-a)

horizontal resolution soundings of wind, temperature and moisture coincident in time

and space. For temperature and moisture, satellite-based platforms should be used to

obtain _10 km resolution soundings for a variety of mesoscale events (meso-a down to

meso-fl).

6. Accuracies should be on the order of 1 m s-I for the horizontal wind components and

1 K for temperature and dew point.

7. Ground-based systems should be used to fulfill high-resolution observational re-

quirements for meso-fl and meso-y phenomena (see Table 2.2) for those requirements

which cannot be met with space-based systems.
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SECTION3

OBSERVINGSYSTEMSIMULATIONEXPERIMENTS

3.1 BACKGROUND

In recentyearsa numberof advancedobservingsystemshavebeenproposedto provide
improvedinitial conditionsfor globalnumericalweatherpredictionandimprovedanalysesfor
atmosphericcirculationdynamicsstudies.Observingsystemsimulationexperiments(OSSEs)
provideameansto evaluatethepotentialimprovementinanalysisandforecastaccuracyto be
gainedfrom differentobservingsystemsaswellastherelativeimportanceof differenttypesof
observations.Suchstudiescanalsoassistin thedesignandimplementationof specificobserv-
ingsystems.

Theconceptof anobservingsystemsimulationexperimentwasapparentlyfirst conceived
by Newton(1954),who suggestedthat fictitious (simulated)observationscould beusedto
evaluatetheeffectof variationsof theobservationalnetworkonnumericalforecasts.Several
investigationsfollowed--Best(1955),Bristor(1958),andJess(1959).Bristor'swork isof par-
ticularinterest,becauseit wasthefirst knownactualOSSE.In hisexperiment,Bristorcreated
simulatedobservationsfrom a hypotheticallycorrectactual analysis(the referenceat-
mosphere),and examinedthe effectof networkdensityand observationalerror on both
analysesmadewith the simulateddataand the ensuingnumericalpredictions.However,
neitherfundamentalalterationsof nor significantadditionsto theobservationalnetworkin
whichOSSEscouldplaya roleweretakenintoconsiderationat that time,sointerestin these
experimentswaned.

With theexceptionof an interestingtheoreticalpaperby Alaka andLewis(1967),the
hiatusof activityin thisareacontinuedthroughalmostallof the1960sandtheOSSEremained
asolutionlookingfor a problem.However,motivationfor renewedinterestwasprovidedby
theinitiationof theGlobalAtmosphericResearchProgram(GARP)in 1967.Oneof thestated
objectivesof GARPwasto determineacceptablecompromisesolutionsto thedata require-
mentproblem.In orderto meetthisobjective,theU.S.Committee for GARP proposed a na-
tional effort to study the predictive consequences of proposed observation systems known as

"Observing System Simulation Experiments" or OSSEs. A landmark paper by Charney et al.

(1969) ushered in the period of intense activity with OSSEs. Their approach was to use a model

forecast to provide a four-dimensional reference atmosphere. Starting from a perturbed initial
state, a second forecast was then made with the same prediction model (the assimilation run).
Simulated observations taken from the reference atmosphere were inserted into the assimila-

tion run, and the degree to which the assimilation run approached the reference atmosphere
was examined. Because the same numerical prediction model that was used to generate the

reference atmosphere was also used to make the assimilation run, this type of experiment is
referred to as an identical twin experiment. A number of identical twin experiments followed,

for example: Halem and Jastrow (1970), Jastrow and Halem (1970), Williamson and Kasahara

( 1971), Bengtsson and Gustavsson (1971), Kasahara and Williamson (1972), and Gordon et al.

(1972).

Williamson and Kasahara's 1971 paper was the first to question the use of identical twin

experiments. They proposed instead an alternative which is referred to as the fraternal twin ex-

periment. In this approach, the numerical prediction model used for the assimilation had
lower resolution and less sophisticated physics than the model used to generate the reference
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atmosphere. It soon became apparent that identical twin experiments gave unrealistically op-

timistic results, and the fraternal twin approach gained favor. By 1974, the Joint Organizing
Committee for GARP specifically ruled out the use of identical twin experiments to determine

which of the possible special observing networks would be most effective during GARP. A

number of fraternal twin experiments were run, notably those of Williamson (1973), Lorenc
(1975), and Bromley (1978).

With the advent of satellite temperature profiles, the lack of wind profiles on a global

scale has been viewed as perhaps the major deficiency in our observational network. By the

end of the 1970s, technical developments suggested that active laser radar (lidar) methods
might be able to fill this need (Huffaker, 1978; Huffaker et ak, 1980). By mid-1980, the

Defense Meteorological Satellite Program was considering such an approach, and supported a
feasibility study by NOAA's Wave Propagation Laboratory (WPL). It was concluded from the

feasibility study that the idea had merit, but that it was likely to be expensive. This led to the

recommendation that, among other things, the benefits such data might be expected to pro-
duce be thoroughly examined through OSSEs.

3.2 RECENT SIMULATION STUDIES

A workshop was held at NMC in February 1983 to plan a more realistic experimental

design. Following the workshop, a series of simulation studies was conducted as a cooperative
effort among ECMWF, NMC, and GLA to provide a quantitative assessment of the potential

impact of future observing systems on large scale numerical weather prediction. The

methodology and results from these experiments are described by Atlas et al. (1985), Dey el al.

(1985), and Arnold et al. 0985). A general conclusion from the analysis/forecast experiments

performed at GLA and NMC is that the use of wind profile data produces more accurate
analyses and 1-5 day forecasts than temperature data or single-level wind data, and advances

the useful skill by as much as 24 h in the southern hemisphere.

Experiments are currently underway at GLA to simulate more realistic observations. The

quantitative effect of wind profile data in the northern hemisphere will then be evaluated. Ex-
periments are also planned to evaluate alternative wind profile measurements.

At ECMWF and most of the European weather services, the simulation efforts are con-

centrated on network studies for the future North Atlantic network in relation to the Opera-

tional WWW (World Weather Watch) System Evaluation (OWSE), which is to take place in
1987-88. During and immediately after the OWSE for the North Atlantic, efforts will concen-

trate on quasi real-time evaluations of the systems deployed over the Atlantic Ocean.

The National Center for Atmospheric Research (NCAR) plans to conduct more OSSEs for

the ground-based wind profilers. The emphasis is on the optimum network design for the 30

profilers to be deployed by NOAA/WPL in the near future. In the long term () 3 years), NCAR

plans to conduct OSSEs for the design of the next generation observing network employing a

combination of profilers, rawinsondes, NEXRAD (Next-Generation Weather Radar), satellite,
and surface measurements.

The capability of performing OSSEs has also been developed at the Air Force Geophysics
Laboratory (AFGL) in recent years. A global spectral model of variable resolution has been

developed based on the 1980 version of the NMC global spectral model. A data assimilation

scheme has also been constructed based on the Bergman (1979) version of the Ol (optimum in-
terpolation) procedure.
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FormesoscaleOSSEstheproblemisevenmorecomplexandisat amuchearlierstageof
development.ThedifficultiesinconductingmesoscaleOSSEsliemainlyin theaccuratesimula-
tion andverificationof mesoscalecirculations.Obtaininga realisticmesoscalesimulationis
considerablymoredifficult than a synoptic-scalesimulation.The major reasonis that a
mesoscalesimulationis more sensitiveto physicalparameterizations(suchas cumulus
parameterization).Another problemis that routinemeasurementsdo not allowadequate
verificationfor mesoscalesimulation.

It is also apparentthat the classicalskill scores(i.e., rms and S,) usedto evaluate
synoptic-scaleOSSEsarenotsuitablefor mesoscaleOSSEs.Forinstance,onemightgetanrms
error of 1K for temperatureretrievals(Kuoand Anthes, 1985) for one OSSE experiment,

which does not look significant from a synoptic point of view. However, there may be local er-

rors as large as 5 °C. This would completely change the static stability and give a different

prediction for a subsequent forecast.

3.3 RECOMMENDATIONS

Further work is needed to increase the realism of simulating the future global observing
system, refine data requirements, determine the effect of improved utilization of current and

advanced temperature sounders in relation to a wind profiler, and evaluate the effect of more

realistic wind profile observations. This includes the effect of correlated errors, coverage,

resolution and accuracy.

In addition, OSSEs are needed to quantitatively assess the potential usefulness of pro-

posed observing systems for global and mesoscale numerical weather prediction, local weather

forecasting and diagnostic studies of atmospheric phenomena on a variety of scales. The
OSSEs, conducted to date, indicate a very significant potential for a space-based wind profiler

system. However, these studies should be expanded in a number of ways.

Up to now, the OSSEs concerned with wind measurements have been carried out on the

tacit assumption that the wind observations available to the analysis/forecast model are colo-

cated both spatially and temporally with the temperature and humidity observations on

TIROS-N. It is likely that different measurement systems may provide wind data in a manner

and mode quite different from this and therefore produce different scenarios for which dif-

ferent OSSEs would have to be designed. Closer attention should also be given to the sampling

and measuring characteristics of the observing systems under study in order to best incor-
porate them into the design of OSSEs. Coordination between general circulation model (GCM)

users and satellite Doppler wind profiler developers should be undertaken to improve satellite

wind profiler simulations by including in the simulation experiments:

1. A statistical parameterization of the scanning errors based on mesoscale simulations,
and

2. A statistical parameterization of the global aerosol distribution to account for its ef-

fect on the Doppler lidar signal to noise ratio and associated wind field errors.

The errors in items 1 and 2 above should be imposed in a systematic way so that the individual

and combined effects of these errors along with cloud distribution effects can be understood in

terms of potential impact on the diagnosis and prediction of the atmosphere.

It is also recommended that:

3. An additional model integration ("nature") be generated by ECMWF, which would
provide an additional record of the "true" state of the atmosphere, in order to in-
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creasethesamplesizefor the OSSEs.Analysis/forecastexperimentsshouldalsobe
conductedusingmorethanonemodelif possible.

Furtherconsiderationshouldalsobegivento themeasuresof performanceor impactin
representingtheresultsof anyOSSEusingglobalmodels.In additionto usingan rmsor S,
score,measuresthataremoreappropriateincharacterizingotherattributesof performanceof
themodelshouldbeused.For example,onemightusethe deviationsin distanceof storm
tracksor of jet streams,or the deviationsin intensityor positionof highor low pressure
systems(e.g.,seeWilliamson,1981).

For themesoscale,physicalparameterizationsandobjectiveanalysisandinitialization
methodsmustcontinueto beimproved.A considerableresearcheffort is requiredto develop
mesoscalesimulationmethodology.Followingthedevelopmentof suchmethodologytheef-
fectof alternativewindobservingsystemsshouldbeevaluated.Theassessmentshouldinclude
stabilityindicesandprecipitation.
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SECTION4

OPERATIONALWIND SENSINGTECHNIQUES

The emphasison mesoscaleresearchover the next decade(GALE', MIST2, SPACE3
STORM)ispushingthedevelopmentanddeploymentof observingsystemsto obtainimproved
measurementsof windson theregionalscaleincluding:

PortableAutomatedMesonet(PAM)--surface
Profiler--0.5 to 15km altitude
Cross-ChainLoranAtmosphericSoundingSystem(CLASS)--0to 20km altitude
Aircraft dropwindsonde--0to 12km altitude
DopplerRadar--cloudwindsandmeso-),phenomena

DuringtheSTORMprogramextremelyusefulregionaldatasetswill beaccumulatedwith these
systems.Theseshouldserveastestsetsfor calibrationof windsderivedfrom cloud-motions
andothersatellite-basedmeasurementsystems.Thepotentialsuggestedby recentstudiesfor
derivingthetemperaturefield fromadensenetworkof profilermeasurementsof winds(e.g.,
KuoandAnthes,1985)shouldbevigorouslyexplored.

4.1 BALLOON-BASEDSYSTEMS

In data-sparseregionsthereis a needfor "ground" reference.The MICRO-GHOST4
system(Laily, 1985)canprovidesucha referenceand benchmarklevelat 200mb in the
southernhemisphere.Thiscapabilitywouldbemostusefulto calibratelidar measurements
from the Shuttle,UARS(UpperAtmosphereResearchSatellite),and otherplatforms for
specialobservingperiods.It canalsoserveasa meansof enhancementof radiometer-derived
windsfrom operationalpolar-orbiters.

In additionto thereference-levelwindsfromballoonplatforms,theballoon-bornetriple-
etalonFabry-Perotinterferometer(Rees,1985)maybeusedto measurewindsin theupper
troposphereandlowerstratosphere.Theinterferometricdatacanprovidewindmeasurements
overa heightrangefrom 5 to 50km in regionsof clearair with a resolutionof 4 kin. The
techniqueis a potentiallyvaluablecomplementto existingwindmeasuringsystemsandcan
providea low-costaddition to the powerful activewind-measuringsystemsnow under
development.Thetechniquerelieson thegenerationof narrowabsorptionlinesby majorat-
mosphericspeciessuchas02andH20.Molecularoxygenisparticularlyusefulfor providing
windprofilesat anylocationfor thedaytimehemisphere.However,in theuppertroposphere
andlowerstratosphere,watervaporprovidesameansof obtaininghigherverticalresolution
(about2 km), whenit is presentin adequateconcentrations.It shouldbe notedthat this
techniqueis thedemonstrationof theHighResolutionDopplerlmager(HRDI)to beusedon
UARS(seeSection5.2.3)with thesameoverallcapabilitiesandlimitations.

Genesisof Atlantic Lows Experiment
2 Microburst, Severe Thunderstorms
3 Satellite Precipitation and Cloud Experiment
4 Operational Successor to the GHOST (Global HOrizontal Sounding Techniques) system.
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4.2 CLOUD-MOTIONWINDS

Cloud-motion winds (CMWs), now part of the operational observation system, have been

available since the launch of the Applications Technology Satellite (ATS-I) spin scan camera in

1966. During the 1979 FGGE year, the number of cloud motion winds increased significantly

(e.g., Fleming et al., 1979a,b; Halem et al., 1982). Mesoscale analyses with CMWs have shown

how they contribute to defining the lower tropospheric convergence field ahead of the

development of severe convection (Negri and Vonder Haar, 1980; Maddox et al., 1977; Peslen,

1980; and Peslen et al., 1985). Aircraft verifications of cloud motion-wind relationships (e.g.,
Hasler et al., 1979) have shown that cumuliform clouds over water move within 1.5 m sec -_ of
the winds at the cloud base with no apparent bias. Cirrus clouds were found to move within

2-3 m sec -1 of the wind in relatively low (_ 15 m sec -l) wind speed situations. These aircraft

results suggest that there is potential for the satellite wind measuring system and wind extrac-

tion procedures to be improved significantly beyond the current operational accuracies of
4 m sec -_ for cumuliform clouds and 8 to 10 m sec -_ for cirrus. Deficiencies in the cloud-

tracking techniques (e.g., level assignment) may have contributed to the negative impacts
found in some cases in the analyses and subsequent forecasts in which the data have been used

(e.g., Ebersole, 1984; Kallberg et al., 1985; Kalnay et al., 1985).

Suggestions for the improvement of the quality and coverage of the CMWs as well as their
utilization follow.

1. The height measurement of clouds could be improved by:

(a) Implementing stereo cloud-top height (and perhaps cloud-base) determination via
simultaneous imagery from two geosynchronous satellites.

(b) Implementing multispectral infrared techniques from VAS data to measure cloud-
top heights.

(c) Increasing the utilization of surface data and thermodynamic calculations to
estimate cloud-base heights in the lower troposphere.

2. Provide sufficiently high frequency geosynchronous satellite imagery (e.g., 3 min im-

age interval) to calculate mesoscale wind fields several times a day.

3. Continue to use CMWs in tropical/subtropical environments. However, when the
cloud height uncertainty is greater than 50 mb, then the vertical wind shear should be

required to be less than _ 4 m s-1 km -_ for suitable wind accuracy to be achieved. Also,

the cloud emissivities should be high enough that height uncertainties do not introduce

unacceptable errors. The use of the estimated shear (a v/Sz) could also be initiated, in

conjunction with estimates of height measurement errors (_z,), to assign expected er-

ror bounds to CMW data in operational settings [i.e., Av,=(av/az) ttz,].

4. Conduct in situ verification of CMW estimates to determine actual representativeness

of these estimates in vertically sheared situations. Measurements made from ground-
based wind profilers and aircraft equipped with inertial navigation systems, such as

those which could become available in upcoming mesoscale experiments like GALE

and STORM, could be used for these purposes. There is also a great potential for the
use of satellite lidar data in such verification studies. There is a critical need to know

whether low cloud-base levels over land are the most representative levels for CMW
level assignment, and what cloud sizes and types are the best tracers of air motion.

5. Once the CMW heights are determined, the entire set of vectors must still be assigned

to a coordinate surface before the data can be utilized in either diagnostic studies or
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for modelinitialization.Evenif heightscouldbeperfectlymeasured,theassignment
stepcouldstill introducesignificanterrors> 5m s-_.Thisproblemcouldbealleviated
by thefollowing:
(a) A priori knowledgeof theverticalwind shearprofile(eitherfrom a mesoscale

modelforecastor someinstrumentliketheprofiler)shouldimprovetheaccuracy
of the interpolationof theCMWsfrom their actuallevelsto thecoordinatesur-
face.

(b) In theabsenceof (a), anarbitraryassignmentof CMWsto a sigma(o) surface
shouldreducethemagnitudeof thevectordifferencesbetweencombined(rawin-
sondeand CMW)windsand rawinsondewinds(Peslenet al., 1985), unless a

moisture discontinuity is crossed, in which case,

(c) The use of multiple o surfaces representative of the different air masses is also

recommended by Peslen et al. (1985).

In order to develop a capability to properly utilize CMW mesoscale fields, major opera-

tional centers like NMC, NSSFC, 5 and PROFS 6 should be encouraged to participate in address-

ing the following topics:

6. Objective analysis techniques should be tailored to the specific characteristics of CMW

data, namely, their highly non-uniform coverage and their (presently inadequately

understood) unique statistical structure. Existing CMW data sets are adequate for this

research, particularly those collected in SESAME (Severe Environmental Storms and

Mesoscale Experiment).

7. Mesoscale model sensitivity studies need to be conducted to determine the utility of

cloud-motion wind data, since such data have not yet been shown to produce consist-

ent impacts in model forecasts.

8. Techniques need to be developed to allow CMW data to be merged or synthesized with
other mesoscale data such as from PAM, wind profilers, Doppler lidar, etc.

4.3 OTHER TECHNIQUES

The World Meteorological Organization initiatives in expanding shipboard soundings

ASAP (Automatic Shipboard Aerological Program) and flight-level winds from wide-bodied

jets ASDAR (Aircraft to Satellite Data Relay) will provide a much needed expansion of wind
measurements over the oceans until the advent of an operational satellite wind program.

However, the coverage by ASDAR and ASAP will be incomplete in both space and time.

Further research is encouraged on the water vapor wind determination method (Stewart

and Hayden, 1985). In that regard, a more objective determination of water vapor signatures

used for tracking is required. The question of what should be the proper height assignment in

remote areas (away from other temperature and moisture data sources) should be addressed

because temperature and moisture influence the results. Also, the comparison with other data
should include layer-averaged winds since the 6.7 lam channel represents a 200-300 mb thick

layer.

5 National Severe Storms Forecast Center
6 Program for Regional Observing and Forecasting Services
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Gradientwindsfrom griddedanalysesof TOVS (TIROS-N Operational Vertical Sounder)

temperature soundings may provide information in the absence of other data (conventional or

cloud-drift). Because the error levels for the gradient winds are comparable with those for the

NESDIS (National Environmental Satellite, Data, and Information Service) and European

cloud-drift winds (J. Ward, personal communication, 1985), they could be used to evaluate

other methods in cloud-free areas (i.e., water vapor winds), where the gradient wind approxi-
mation is valid.
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SECTION5

POTENTIALSPACEBORNETECHNIQUES

5.1 INTRODUCTION

Thepurposeof thissectionis to discussthecurrentremotesensingtechnologyfor obtain-
ingglobalwindprofilesfromaspaceplatform.Manysensorshavebeenprovenfor groundor
aircraftwind measurementsand theseshouldnow be reviewedvis-a-visthe feasibilityof
measuringwindsfrom a space-basedsystem.Consequently,eachinstrumentis reviewedin
termsof: (1) thepossibleareasof application,(2) thepresentstatusin thedevelopmentof the
techniqueandthehardwavecomponents,and(3)theexpectedresolution(horizontal,vertical,
andtemporal),measurementaccuracy,andcoverage.

5.2 INSTRUMENTDESCRIPTIONAND STATUSAND AREASOFAPPLICATION

5.2.1 DopplerRadarWinds

5.2.1.1Microwave Systems

Microwave radar should be viewed as a potential tool for providing wind measurements

in precipitation, but longer wavelength radar is needed for wind measurements in the optically
clear atmosphere. Synthetic Aperture Radar (SAR) methods have very high potential for pro-

viding quantitative global measurements of precipitation, data that are important in many

meteorological problems. However, the measurement of either precipitation or winds in

precipitating systems requires very large vertical apertures to generate (real) narrow beams to

discriminate precipitation levels and to separate precipitation and ground echoes. Such a

system would be very costly and require extensive processing and/or communication band-

width. However, it might be justified on the basis of multi-parameter data, including scat-

terometry, but it is not justifiable for providing only winds. Therefore, the microwave radar
techniques for spaceborne winds should be pursued in conjunction with global precipitation

measurements and further developments of SAR. The potential for measuring winds from

space is considered poor because of aperture size limitations and the power required.

5.2.1.2 UHF/VHF Radar

The applicability of the "profiler" technology (UHF/VHF' Doppler radar) to spaceborne

platforms seems very unlikely in the near future because of the antenna size and transmitted
power required. The ground-based profiler should be viewed as a local source of data input to

a global wind system. It will also be an important source of ground truth for any spaceborne

system because of its accuracy and resolution. The widespread deployment of profilers ex-

pected during the next 10 years means that there will be numerous opportunities for single-

point ground truth verification. In addition, there will be profiler networks that will allow an

assessment of spaceborne measurements that are averaged over large areas. The potential for

Ultra High Frequency/Very High Frequency
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measuringwindsfrom spaceisconsideredverypoorbecauseof aperturesizelimitationsand
thepowerrequired(10sof kW).

5.2.1.3Bistatic Systems

A VHF radar or microwave beacon in geosynchronous orbit could be used with ground-

based receiver arrays (or the receiver array could be an orbiting satellite with a ground-based

transmitter analogous to stellar scintillometer techniques). This geometry exploits the in-

creased signal that bistatic systems obtain relative to monostatic radar. The technique requires

theoretical study to assess feasibility and to determine if such a system could provide winds
globally.

5.2.2 Scatterometer

The launch of the Seasat A satellite in June 1978 provided a new source of wind data over

the world's oceans for meteorological and oceanographic research. On board the satellite, an

active microwave sensor known as the Seasat A Satellite Scatterometer (SASS) measured the

backscatter from the wind-produced surface capillary-gravity waves (about 1 to 3 cm in

wavelength), which can be used with an empirical algorithm (model function) to infer surface

wind stress and wind vectors (Jones et al., 1982; Schroeder et al., 1982; Woiceshyn et al.,

1986). The marine wind vectors are computed for a height of 19.5 m above the sea surface and
corrected for the influences of heat and moisture fluxes to neutral stratification conditions.

Seasat provided high resolution (about 50 km) surface wind measurements, but each observa-

tion specified up to four possible wind directions due to the nature of the instrument

characteristics. One wind direction was correct, and the rest so-called "aliases" or "am-

biguities." About 96 days of Seasat scatterometer data were collected during the summer of

1978. Data from SASS have been used in a number of meteorological and oceanographic

studies, although the preliminary studies have found the impact on global large-scale at-

mospheric analyses and forecasts to be marginal (e.g., Baker et al., 1984; Duffy et al., 1984).

However, further work is continuing regarding the assimilation, impact, and use of the Seasat
SASS data.

With regard to meeting performance specifications, Woiceshyn et al. (1986) noted that

SASS only met specifications in an rms sense for the region where final "tuning" and valida-
tion were conducted (between Iceland and Scotland). They determined that an improved wind

retrieval systems is necessary for SASS wind data to meet the required performance specifica-

tions. To accomplish this, Woiceshyn et al. suggested that the wind retrieval algorithms need

to be additionally corrected for the backscatter variation due to the effects of viscosity on the
shortwave structure that is contributing to the backscatter measurements.

New scatterometer instruments have been approved for the NROSS, ERS-! and RADAR-

SAT satellites. In the new instrument designs, the antenna number has been changed from two

(the SASS design) to three on each of the spacecraft to alleviate the directional ambiguity prob-
lems that plagued the Seasat instrument. On NROSS, to correct for contamination in the field

of view, or for flagging degraded backscatter measurements due to liquid water (about 5% of
the time), the passive microwave measurements from the SSM/I instrument will be utilitzed.

The NROSS mission-duration goal is 36 months with launch planned for 1990.
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5.2.3 PassiveTriple-EtalonFabry-PerotInterferometer

The UpperAtmosphereResearchSatellite(UARS)is expectedto provide,for thefirst
time,a globaldatasetrequiredto analyzethechemistry,dynamics,and radiationbudgetof
thestratosphereandmesosphere.Thegoalsof theprogramareto understandthemechanisms
controllingupperatmospherestructureandprocessesandto understandtheresponseof the
upperatmosphereto naturalandhumanperturbations.

TheHigh ResolutionDopplerImager(HRDI),describedin Skinneret al. (1985), is the

primary instrument for measuring the dynamics of the stratosphere and mesosphere. The

HRDI instrument is a triple etalon Fabry-Perot interferometer that views the Earth's atmo-

sphere through a two-axis telescope from a spacecraft altitude of 600 kin. Measurements of

the Doppler shifts in the atmospheric absorption and emission features are made by perform-

ing a wavelength analysis on the detected light by spatially scanning the interference fringe

plane with a multichannel array detector. Line-of-sight winds will be taken in two directions
allowing the wind vector to be formed.

5.2.4 Electro-Optical Phase Modulation Correlation Wind Sensor

Doppler shifts in the thermal emission spectrum of the atmosphere in the 20 to 120 km

altitude range can be sensed passively with the Electro-Optical Phase Modulation correlation

wind sensor now under development at NASA Jet Propulsion Laboratory (JPL). The observa-

tions are made in a limb viewing mode. Simultaneous measurements of the concentrations of

stable atmospheric species and temperature profiles may also be made.

Laboratory measurements and simulations have been performed. The electro-optical

phase modulator and cooler are still to be developed. The potential for space deployment is

considered good. An accurate knowledge of the spacecraft attitude is required (0.1 mr to

0.2 mr), with < 3 mr required for the pointing attitude.

5.2.5 Enhanced Geosynchronous Satellite Wind Measurements

Methods for tracking cloud motion have been investigated since the early 1970s. To fur-

ther enhance the wind measurement capability with this approach (discussed in Section 4.2), a

larger spacecraft and sensor with a > 1 m telescope is under investigation. A straightforward

extension of the present technology (3-axis-stabilized spacecraft) would be required. The re-

quired horizontal resolutions are 200 m in the visible and 500-1000 m in the thermal infrared.
For tracking low level clouds over land, the image interval should be 1 min and the image

should cover areas i> 1000 x 1000 km. For low level cloud-tracking over water the temporal

resolution should be 3 min for areas >/3000 x 3000 km. Middle and high cloud-tracking will

require an image interval of 6 rain, also for an area >1 3000 x 3000 km. Precise attitude con-

trol and determination (>/200 m ground accuracy) would also be required as well as real-time

interactive control of the spacecraft. Several studies on the required radiometer have been per-

formed. The winds obtained would primarily be for mesoscale studies (e.g., severe local

storms, tropical cyclones).

23



5.2.6Lidar Systems

5.2.6.1Aerosol Structure Correlation Technique

This technique is applicable in the lower troposphere where aerosol targets are plentiful.

An advantage of this system is that it requires simple incoherent backscatter measurements. A

ground-based system works successfully for convective regions and has demonstrated wind-

speed accuracies < 1 m s-_. However, the system has not been proven for stable layers or out-

side the convective boundary layer. Also, a space-qualified laser requiring _ 100 watts of

power, on the average, is needed. The potential for space deployment needs to be assessed.

Very good spacecraft attitude information would be required (<-_ 0.1 mr).

5.2.6.2 Incoherent Excimer Doppler Lidar Systems

Until recently, narrow bandwidth, moderate energy lasers in the ultraviolet have not been

available and, therefore, have not previously been considered for active wind sensors. Follow-

ing the recent development at NASA JPL of a single longitudinal mode xenon chloride (XeC1)

laser, an ultraviolet Doppler lidar system is now an attractive possibility. The technique is

presently in the stage of active development. If demonstration of a ground-based system

proves successful, a compact, mobile system could be useful in providing wind data for a

variety of applications (e.g., monitoring microbursts mentioned in Section 2.2). In general, the
coherence properties of short-pulse lasers render coherent detection methods inappropriate

and the optimum choice for an incoherent detector is a multiple etalon Fabry-Perot in-

terferometer using an imaging detector to observe the fringe pattern. Such devices have been

developed at the University College in London, England and successfully applied to the

measurement of atmospheric winds by passive techniques (see Section 4.1). A single etalon

system with a similar imaging detector was used on the NASA Dynamics Explorer satellite, and

another will be flown on UARS (see Section 5.2.3). When coupled, the single-mode XeC1 laser

and the capacitance-stabilized interferometer provide a system with the potential for making
accurate wind measurements.

The spaceborne instrument could be applicable from the surface to 30 km. A ground-

based demonstration is planned as the necessary components are now available. The stability

of the intrapulse frequency has been demonstrated at 100 m J/pulse. The detector hardware

has been space qualified and the laser hardware should be space qualifiable. However, addi-

tional system performance studies are needed.

5.2.6.3 Incoherent 0.5 _ Nd: YAG Doppler Lidar

The instrument is applicable for measuring tropospheric winds. The 0.53 pm incoherent
Doppler lidar system uses a multiple etalon Fabry-Perot interferometer as the spectral disper-

sive element to separate different wavelengths into different conical angles, analogous to the

detector for the excimer Doppler lidar system. A multi-ring image plane detector measures the

wavelength spectra of both the laser pulse and backscatter signal, the difference being propor-

tional to the Doppler shift velocity.

The 0.53 pm Doppler lidar being developed at Radio Corporation of America (RCA) con-

sists of a single frequency, Nd:YAG (Neodymium dopant in a host crystal of Yttrium

Aluminum Garnet) laser, a receiver telescope with associated optics, a Fabry-Perot inter-

ferometer utilizing an image plane detector and a multichannel, high speed data system to ac-
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quire, storeand processthe data.Preliminaryresultsfrom atmosphericexperiments have

demonstrated the capability of this system to differentiate between the narrow, Doppler

shifted backscatter spectrum associated with aerosols and clouds from the spectrally broader

molecular return. The hardware should be space qualifiable, but additional studies are

needed. Eye safety is not an issue with this system since the illumination is spread over a larger
area with incoherent detection than with coherent detection.

5.2.6.4 Coherent 1.06 pm Nd." YA G Doppler Lidar

The instrument is applicable for measuring winds in the troposphere and lower

stratosphere and the technique is the same as that for the CO2 lidar (see Section 5.2.6.5). Con-

ceptual studies have been performed and a ground-based system is under construction. Diode

pumping techniques, which still need to be developed, are necessary to achieve efficiency.

These techniques are more desirable than the conventional flash lamp approach because they

potentially have longer lifetime, greater efficiency and would be more suitable for space flight.

Neither the pulse energy required nor the heterodyne detection that is required has been

demonstrated. Eye safety requirements cannot be met with a 1.06 tam laser. On the other
hand, the compactness of the system and expected "long" lifetime are extremely attractive.

Consequently, work should be directed toward developing diode-pumped solid state laser

transmitters with wavelengths > 1.4/am for eye safety reasons.

5.2.6.5 Coherent CO2 Doppler Lidar

The instrument is applicable for measuring tropospheric winds with a demonstrated ac-

curacy of 0.5 m s-_ (Hall et al., 1984) and stratospheric winds up to possibly 20 km, depending

on the availability of suitable aerosols. Coherent CO2 lidar systems have demonstrated ac-

curate wind measurement capability since 1968. An airborne scanning lidar, developed by

NASA Marshall Space Flight Center (MSFC) in 1970, continues to be used for research pur-

poses. A design study for a Shuttle experiment (Lockheed, 1981) was conducted to

demonstrate the feasibility of a spaceborne CO2 lidar system. More recently, Gurk et al. (1985)
have shown that the CO_ lidar could be accommodated on the RCA advanced TIROS-N

satellite. The proposed design uses a 9.11 pro, CO_ Transverse Excited Atmospheric (TEA)
laser producing 10 J/pulse, operating through conically scanning optics of 1.25 m diameter.

At the suggested 2 pulse per second firing rate, measurements of the two-dimensional wind

field could be made at approximately 50 km resolution averaged from more closely spaced

footprints, with finer resolution possible in a step scan, probing mode.

The experimental equipment design exploited the size and power capabilities of TIROS-N,

and allowing for an orbital attitude of 800 km vs the Shuttle's 300 km, the study showed that

an operational payload could weigh around 240 kg, and have power requirements well within

the spacecraft capability.

A study has been completed for a Spacelab pallet experiment (Fitzjarrald et al., 1985) to

use an existing 2 J laser design on the Shuttle. The proposed Shuttle experiment (Shuttle
Coherent Atmospheric Lidar Experiment or SCALE) would provide enough sensitivity to

make global backscatter and wind measurements from a 200 km altitude. The remaining

technological issues that need to be addressed before launching a free-flying Doppler lidar

should be addressed by such an experiment, including laser space qualification, lag angle com-

pensation, signal processing and remote optical alignment. Some crucial scientific questions

regarding the global backscatter magnitude and distribution would also be addressed along

with the problem of beam scanning to obtain a meaningful average wind value. No new
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technologywasfoundto beneededineitherthelaserspacequalificationor theSpacelabpallet
accommodations.Weight,thermal,anddatamanagementrequirementswerefoundtobewell
within thestandardSpacelabpalletcapabilities.Poweravailabilityon theSpacelabpalletis
sufficientfor operationat 25Hz, whichallowssufficientaveragingto overcomelaserspeckle
(causedbythecoherentillumination)problems.Thetelescopewasdesignedto befixedin the
Shuttlebay,andtheentireorbiterrotatedto givebeamscanningto obtainwindmeasurements
for certainregions.

Ground-basedandairbornemeasurementsof troposphericwindshavebeenconducted
with theCO2lidar for thepast15years.Crosscomparisonshavebeenmadewithotherlidars,
towers,aircraft,andradar.An extensivecomparisonhasbeenmadebetweentheoreticaland
experimentalanalysesshowinggoodagreement.Thespacequalificationsstudyfor a2J/pulse
laserhasbeencompleted,and no significantproblemsareanticipatedfor a Shuttle-based
lidar.Laganglecompensationstill needsto bedemonstrated.Laserlifetimestudiesareneeded
(catalyticstudies,electrodelife, windowdegradation).Thepotentialfor spacedeploymentis
consideredgoodwith highlaserefficiency.

5.3 RESOLUTION,ACCURACY,AND COVERAGE

Theexpectedhorizontal,vertical,andtemporalresolution,measurementaccuracyand
coveragefor thevariouswindsensorsarecontainedin Table5.1. For this comparison, a single
polar orbiting satellite has been assumed for the lidar systems.

TABLE 5.1 Expected resolution, measurement accuracy, and coverage of the various wind sensors.

Resolution

Horizontal Vertical Temporal Accuracy

Instrument (km) (km) (h) (m s 1) Coverage

Microwave radar Aperture dependent 0.15 < 0.1 1 In precipitating systems

UHF/VHF radar 10 0.3 < 0. I 1 Regional

Scatterometer 25 -- 12 + 10% windspeed Global-oceanic surface

+ 20 ° direction

Fabry-Perot 125 4 "_ 24 < 5 + 74" latitude-strato-

interferometer sphere and mesosphe_e

Gas correlation 150 z 5 ,_ 24 < 5 Near-global3-strato -

technique _ sphere and mesosphere

Enhanced geosynchro- ",,20 km-low clouds -- 0.1 tO 1 _2-1OW clouds '_1000 km 2 (regional)

nous measurements 'x,50 to 100 km- _<3-high clouds 10,000 km 2 (large-

high clouds scale)

L idar

Aerosol correlation

technique 1 to 10 0.05 12 1 to 3 Global-lower troposphere
Incoherent excimer

Doppler 504 0.2 to I 12 To be determined GlobalS-troposphere

Incoherent 0.5 /am

Doppler 504 0.2 to 1 12 To be determined GlobalS-troposphere

Coherent 1.06/am

Doppler 504 0.2 to I 12 To be determined GlobalS-troposphere

Coherent CO: Doppler 506 0.2 to I 12 1 to 3 Global_-troposphere

Electro-optical phase modulation correlation wind sensor.

2 Along spacecraft track; 200 km line-of-sight resolution.

3 Dependent on platform orbital inclination.

4 Represents an average, the footprint is much smaller. The 50 km suggested resolution remains to be demonstrated.

Limited by middle and lower clouds; assumes an orbit of 800 km.

6 Represents an average, the 50 km suggested resolution remains to be demonstrated.
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5.4 RECOMMENDATIONS

From thematerialpresentedit is recommendedthat:

1. Ground-basedandairbornemeasurementsby CO, Dopplersystemsbecontinued.
2. Ground-basedwindmeasurementsbedemonstratedwith incoherentDopplerlidars,

andat otherwavelengthsfor coherentDopplerlidars.
3. Advancedlidarsbedevelopedinorderto obtainglobalaerosolbackscattermeasure-

ments(0.35_mto 11_m).
4. Contingent on successful ground-based demonstrations, detailed feasibility studies,

similar to the CO2 studies, be conducted for incoherent Doppler lidars and the

coherent Doppler lidars at other wavelengths.

5. Development of passive sensors to measure stratospheric winds be continued.

6. The suggested improvements for obtaining better cloud-track winds should be im-

plemented.

7. The existing Seasat data should be exploited further to improve scatterometer ac-

curacy by: (1) developing an improved model function (backscatter-to-wind transfer

algorithm), (2) incorporating environmental parameters (e.g., sea surface temper-

ature, moisture and heat fluxes, etc.) into a physically based model function, and

(3) developing improved alias removal techniques.

8. Further work be done to sharpen the user requirements for wind measurements.

Specifically related to Doppler lidar sensor development, the following recommendations
are made:

9. Global aerosols should be measured to confirm adequate aerosol backscatter levels to

support Doppler lidar measurements from space.

10. The lag-angle compensation for both coarse and fine control of the beam-pointing

should be demonstrated (can best be done in a spaceborne test).

11. A spaceborne Doppler lidar wind measurement system should be demonstrated.

12. The onboard Doppler lidar data processing and transmission should be demonstrated

to verify algorithm suitability (from either aircraft or space).

13. A Doppler lidar system with a compact, efficient, 6 to 10 J laser should be built and
flown on an aircraft.

14. To accomplish these demonstrations, and upon further verification of _he required

global aerosol distribution, a vigorous program for the construction and test of the

necessary ground-based, aircraft-borne, and spaceborne lidars is recommended,

starting in FY86 and completed by the early 1990s, leading to the construction of a

wind-sensing system as part of the Earth Observing System (Eos).
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SECTION6

ATMOSPHERICAEROSOLSAND RELATEDTRACERS

6.1 BACKGROUND

Any techniquefor measuringwindsfrom spaceplatformsrequiressomeremotelydetec-
tabletracerthat isadvectedor affectedby thewind. Suchtracers,whethertheyareclouds,
aerosols,gasesandvapors,turbulenteddies,or oceanwaves,maynotbeuniformlyavailable
or accessible.Weneedtodefinewhatisknownaboutthevarioustracersin thecontextof wind
measurements,andto identifygapsin ourunderstanding.Thiswill allowthedevelopmentof
windsamplingstrategiesdesignedto minimizeerrors.Thepurposeof thissectionis to make
recommendationsfor furtheratmosphericresearchonaerosolsandaerosolopticalproperties
that needsto beperformedaspartof thedevelopmentof a globalwindobservingsystem.

The main focusof this sectionwill be on Doppler lidar wind measuringsystems.
Althoughimportant,lessattentionwill begivento otheractivetechniques,suchasradarpro-
filers,andto passivetechniquessuchasspectroradiometry,andpatterncorrelationof clouds,
watervapor,or aerosols.

6.2 ATMOSPHERICCONSTITUENTSREQUIREDFORLIDAR MEASUREMENTS

Theintensityof thelaserenergyavailableto thedetectorof a lidarsystemisproportional
to theamountof backscatterfromatmosphericaerosols.Theintensityalsosuffersextinction
astheradiationpassesthroughcloudsandisabsorbedby atmosphericgases.At the present

time there are significant knowledge gaps concerning the global distribution of aerosols and

clouds. These gaps must be narrowed before realistic modeling of lidar performance can be ac-

complished. We need global aerosol backscatter coefficients for the specific wavelengths of

anticipated laser sources from the near ultraviolet to the 10/am infrared, from the surface to

20 km in height, for each of the seasons. We also need global cloud-free line-of-sight statistics

to various depths in the atmosphere, from the tropopause to the surface. These data should be

accurate to within 20°70, the height resolved to 1 km increments, and obtained for each of the
seasons. The number of independent regional/seasonal data sets of aerosol backscatter and

cloud-free line-of-sight statistics need to be determined, but is probably on the order of 10
to 20.

Since cloud-track winds would naturally complement lidar winds, correlative data sets on
cloud evolution and advection characteristics are also needed. Lidar data can be used to deter-

mine the height of cloud features that might obstruct further penetration of the laser beam.

6.2.1 Current Knowledge of Tropospheric Aerosols

Tropospheric aerosol populations are considerably more diverse in concentration, size,

shape, and composition than stratospheric aerosols. This diversity reflects the natural varia-

tion in the sources, transport mechanisms, in situ modification processes, and removal
mechanisms in the troposphere.
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Major constituentsof the fine particle fraction (_ < 1 /_m diameter) include sulfates

(sulfuric acid, ammonium bisulfate, and ammonium sulfate) from gas-to-particle conversion,
followed by in situ chemical reactions and coagulation, and organics and soot from biomass

combustion. Major constituents of the coarse particle fraction (_ > 1 _m diameter) include

salts from the ocean surface, crustal material from exposed soil surfaces, and pollen grains
from vegetation. In addition, water can condense on aerosol particles between about 0.01 and
10 _m diameter.

At lower altitudes, such as in the marine and continental boundary layers, aerosol con-

centrations are generally high enough to provide more than enough backscatter at any
wavelength from the visible to the near infrared. However, at the higher altitudes, aerosol con-
centrations may be too low to allow accurate Doppler lidar wind measurements. The lowest

aerosol concentrations are typically found at high tropospheric altitudes or in remote oceanic

or polar regions, where aerosol transport is weaker, and in low wind conditions over the

oceans or in the winter season, when aerosol source strengths are reduced.

In these situations, the tropospheric aerosols appear to consist of a fine mode composed
primarily of sulfates with a typical diameter (volume-weighted) of a few tenths of a micro-

meter, and of a coarse mode composed primarily of crustal material, with a typical diameter

(volume-weighted) of about 1 to 2 /_m. Sulfate and crustal concentrations can vary in-
dependently from about 0.01 to 1/_g m -3.

For this type of aerosol population, aerosol backscatter generally decreases rapidly with

wavelength (A). However, the ratio of the mean aerosol backscatter to Rayleigh (molecular)

backscatter increases from roughly 10 percent or less at near ultraviolet wavelengths to several

orders of magnitude at CO2 wavelengths, because Rayleigh scattering decreases as )_. Higher
concentrations of coarse particles reduce the wavelength dependence of aerosol backscatter in

the visible and near infrared wavelengths and dramatically enhance backscatter values at CO_

wavelengths. Additional backscatter enhancements are possible for wavelengths near strong

aerosol absorption resonances. Further enhancements are possible in the wings of the
resonance peak for nonspherical particles, such as ammonium sulfate and dust.

If aerosol concentrations are extremely low in large, connected spatial/temporal do-
mains, then accurate wind measurements in those regions will be difficult to obtain with a
Doppler lidar. The spectral variability of aerosol backscatter in these "clean" conditions will

play an important role in tradeoff studies to optimize the Doppler lidar system design.

Our lack of knowledge of the physical properties of aerosols in the upper troposphere is
compounded by the uncertainties in the processes of vertical transfer of aerosols from the

stratosphere to the troposphere. This may occur as sedimentation or via tropopause folding

events. As a result of these processes, the region of the upper troposphere between roughly

5 km and the tropopause may contain a considerable quantity of volcanic material during the
months or years following stratospheric volcanic injection (Post, 1985). The detailed structure

of these aerosols (i.e., size distribution, composition, and spatial/temporal variability) is large-
ly unexamined.

6.2.2 Current Knowledge of Stratospheric Aerosols

Stratospheric aerosols are believed to be formed from sulfur-containing gases that diffuse

upwards from the troposphere or are directly injected into the stratosphere by volcanic erup-
tions. In both cases, physical and chemical processes result in the formation of liquid sulfuric
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acidaerosols.Undernonvolcanicconditions,the number-weightedmodalradiusfor these
aerosolsisgenerallylessthan0.1/am;duringtheperiodfollowingvolcanicinputa significant
numberof largerparticlesare formed.Satelliteobservationshaveshownbackgroundnon-
volcanicstratosphericaerosolsto beevenlydistributedglobally,with peakmixingratiosoc-
curringataltitudesof about10kmabovethetropopause.Above 30 km at the equator, and at
lower altitudes at other latitudes, the aerosol concentrations are only a small fraction of those

at the peak layer. Volcanic aerosols are distributed very nonuniformly immediately after a
volcanic eruption, and, over a period of months, spread in both latitude and longitude.

Recently injected volcanic material also contains solid particles which are removed fairly

quickly by sedimentation. Sedimentation similarly occurs in the large sulfuric acid aerosols
formed after an eruption, the newly formed layer gradually decreasing in altitude and losing

material into the troposphere.

Modeling of the scattering properties of stratospheric aerosols at times other than im-

mediately after an eruption is in principle simpler and easier to carry out than for free tropo-

spheric aerosols. Except just after volcanic injection, the majority of the aerosols are made of

sulfuric acid and are spherical in shape. In situ measurements have been made on the acid con-
centration and on the particle size distribution, both quantities being required for calculation

of optical properties. There is unfortunately a lack of information on the concentration of

particles with sizes between 0.25 and 1.0 /am, an important size range for post-volcanic
aerosols. Lidar data at both visible and infrared wavelengths is available to assist with model-

ing studies. Modeled scattering cross sections at 10.6/am for background stratospheric aero-

sols show peak values of 10-It to 10 10m-i sr-l. Following a major eruption, such as that of E1

Chichon, these values may increase to 10-9 or even 10-8 m -1 sr _.

6.3 SAMPLING STRATEGIES AND ERROR ANALYSES

Both incoherent and coherent Doppler lidar techniques represent new and nonconven-

tional perspectives on atmospheric motions. Although the sample volumes and the means of

detecting the Doppler shift are different, both techniques provide a measure of the at-

mospheric motion only along a radial direction. Without a direct measurement of the cross-

beam component, radial measurements at several look angles must be combined to achieve
estimates of the total horizontal wind vector. The lack of spatial and temporal coincidence of

the independent radial data requires the development of algorithms to combine these data into

a single estimate of the u and v wind components.

6.3.1 Passive Doppler Interferometer/Spectrometer

The only wind measurement technique which appears to be suitable above the middle
stratosphere is the passive interferometer/spectrometer as discussed in Section 5.2.3. For this

sensor, the wind tracers are naturally occurring molecular species such as O2 and H20. The
measured winds are derived from limb-sounding, with a line-of-sight path length at each

altitude of about 150-200 km, and an along-track path length of about 250 km. Thus, the

wind measurement accuracy of the technique depends, among other factors, on the spatial

uniformity of the molecular tracers at each altitude. Studies should be undertaken to verify
that the molecular tracers are, in fact, well mixed so that standard atmospheric profiles can be

used in the inversion process. The sensitivity of the inversion process to deviations from a well-
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mixedatmosphereshouldbedetermined. The sampling strategy appears to be optimized for
the method in which the sensor obtains its measurements.

A passive triple-etalon Fabry-Perot interferometer which is scheduled to fly on UARS and

has flown on Dynamics Explorer (Spencer et al., 1981) should significantly enhance our

knowledge of the stratospheric wind field. This instrument would complement a tropospheric
global wind observing system.

6.3.2 Active Doppler Impediments

Atmospheric impediments include molecular absorption, extinction due to Rayleigh scat-
tering and aerosol scattering, and loss of spatial coherence due to turbulent refractive index

eddies. These processes all cause various amounts of signal loss as the lidar radiation propa-

gates to and from the scattering volume of interest. Scintillation (intensity fluctuations due to
turbulence) is not important within the microsecond time scales of the measurement and

would only affect the pulse-to-pulse return signal fluctuation in a minor way. Cloud cover also

affects the measurement by obscuring the portion of the atmosphere below the clouds, unless
the clouds are thin cirrus, which cause only a loss of a few dB.

Our knowledge of the losses due to Rayleigh scattering are well known and can easily be

included in system performance calculations for particular pointing geometries. The Rayleigh

and aerosol extinction are nonnegligible for the midvisible and shorter wavelengths, with the
aerosol extinction becoming a factor only when propagation extends to the lower 2-3 km of

the atmosphere. Since the aerosol backscatter is generally high in this region, the correspond-
ing loss due to aerosol extinction can be tolerated.

The molecular absorption loss is a consideration in the infrared and in the ultraviolet at

wavelengths shorter than 330 nm. The shorter ultraviolet wavelengths suffer strong absorption

due to stratospheric ozone. The infrared wavelengths of the CO2 laser will be affected by

atmospheric CO., and H20 absorption. The proper choice of a CO2 transmitter wavelength,
namely that of a rare isotope CO2 molecule which does not overlap a water vapor line, will

result in loss due to water vapor continuum absorption only in the lower 2 to 4 km of the

atmosphere. Because the round-trip vertical attenuation due to a strong atmospheric CO2 line

in the 9-10 _m region is approximately a factor of two, and pointing at an off nadir angle e

implies multiplying by the vertical optical depth sec e, a substantial benefit is obtained by

operating at a rare isotope line. The spectroscopy of molecular atmospheric absorbants is

known well enough to calculate these losses accurately for various atmospheric temperatures

and humidity conditions. Examples of the molecular scattering and absorption losses, as they

affect the various coherent and incoherent lidars, are treated in NOAA feasibility studies (Huf-
faker, 1978; Huffaker et al., 1980) and by Menzies and Kavaya (1985).

The state of knowledge of cloud cover over various regions of the globe, as it pertains to

the impact on Doppler lidar measurements, is inadequate for detailed performance estimates.

Further studies are needed not only on global coarse resolution percentages of cloud cover but
also on statistics (Snow et al., 1985). The work of Snow et al., which concentrates on fine scale

studies over specific, small regions, may prove to be applicable to general global cloud cover

statistics. The small-scale statistics can be applied to the study of the penetration capability of
the small lidar beam (_ 10-20 m diameter in the troposphere) as it propagates to and from the

backscattering volume of interest.
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6.4 CURRENTLYPLANNEDEFFORTS

The SAGEII satelliteis currentlyin orbit makingmultiwavelengthobservationson
stratosphericaerosols,NO2,O3andwatervapor.Thestratosphericaerosoldatabasewill be
employedto expandthepresentaerosolclimatology,themultiplewavelengthsbeingusedto
deduceinformationconcerningtheaerosolsizedistributionand thewatervaporconcentra-
tionsto assistwithmicrophysicalmodeling.In addition,asfor SAGEI andSAMII, extinction
measurementswill alsobemadein theuppertroposphere.SAM1Isatellitemeasurementswill
continueto beavailable.

Thereare in existenceseverallidar programsto obtainquantitativemeasurementsof
stratosphericaerosols.Theseincludeanextensivechainof stationsmakingmeasurementsin
the visibleregionof the spectrumas well as a more limited numberof stationsmaking
measurementsat CO2wavelengths(NOAA,NASAJPL,NASALaRC).NASALangleyResearch
Center(LaRC)is currently planningan airborne lidar flight in January 1986to make
ruby/Nd:YAGmeasurementsof arcticstratosphericaerosols.

In situ measurements of the extinction coefficient with an integrating scattering

nepheiometer have been obtained for over ten years at several remote sites for several wave-

lengths (0.45, 0.55, 0.70, and 0.85 _m). These measurements are part of NOAA's Geophysical

Monitoring for Climatic Change (GMCC) program. A particularly important site in the GMCC
network is located at the Mauna Loa Observatory in the Hawaiian Islands. The Mauna Loa
site can be used to monitor the influence of both residual dust plumes and ultra-clean air on

aerosol optical properties in the upper troposphere over the central Pacific ocean. These

measurements are expected to continue.

The data base on aerosol backscatter at CO2 wavelengths is growing rapidly. Three of the

largest data sets have been obtained with ground-based pulsed CO2 Doppler lidars by NOAA
ERL WPL and NASA JPL, and with an airborne, continuous-wave CO: focused Doppler lidar

by the Royal Signals and Radar Establishment (RSRE) in the United Kingdom. None of these
data sets has been analyzed in great detail, particularly the RSRE data set. Within the next

several months, these data sets will be processed and analyzed using standard statistical

methods as well as individual case studies.

NASA Marshall Space Flight Center is developing a preliminary global-scale aerosol
backscatter model. This model, which will incorporate measurements from several aerosol

data bases, will describe the optical and microphysical properties of the background aerosol.

Particular attention will be paid to defining the spectral variability for backscatter cross sec-

tions of the background aerosol. A limited description of the spatial and temporal variability

of the background aerosol will be included.

Space-based Doppler lidar strategies are currently being developed at NASA MSFC. That
effort is focused on three objectives: (1) optimum scan/pulse parameters, (2) optimum wind

computation algorithms, and (3) required sample density to achieve desired accuracy and

representativeness. Error analyses are, at present, limited to those associated with sampling
pattern, scan geometry and wind variability. There are planned efforts to update the earlier

studies on system and radial wind measurement errors.

Within research centers (e.g., NOAA, NASA, University of Wisconsin, Colorado State

University) there are continuing efforts to perfect cloud-tracking techniques and to solve some

of the problems associated with the height assignment of wind estimates and the interpretation

of the apparent wind motion.
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The useof radarwind profilerscontinuesto expandin a varietyof applicationsand
diversegeographicalregions.Our presentknowledgeof radarrefractiveindexstructureC.'

will undoubtedly be expanded in the future to oceanic and tropical areas. When the present
understanding of C, 2 is improved, and the availability of large, high power space stations is

assured, it may be desirable to examine the feasibility of such profilers in orbit for global wind
measurements.

6.5 AREAS REQUIRING FURTHER STUDY

Information is still required for many aspects of the global distribution of aerosol optical

properties. These include particle size distribution, concentration, composition and shape. In

addition, the statistical distribution of aerosols in time and space and how this relates to

aerosol sources are largely unexplained. The influences of volcanic injection, tropopause

folding, global transport, and cloud pumping need further study. Multiwavelength characteri-

zation of aerosol optical properties from the ultraviolet to 11 _m, both by direct measurement

and theoretical calculation from measurements of aerosol microphysical properties, is re-
quired. Special phenomena such as the formation of polar stratospheric clouds and thin cirrus

veils in the tropics represent other areas of insufficient knowledge.

Considerable uncertainty exists at this time on the extrapolation of aerosol measurements

from very large, horizontally averaged sample volumes (e.g., from SAM/SAGE) or from the

very small volumes measured by in situ particle samplers to the expected optical properties in

the lidar sample volume. These uncertainties probably arise from poor counting statistics in

the small sample volumes and from averaging of spatial inhomogenities in the large sample
volumes.

Previous measurements have shown that aerosols are frequently found in well-defined

layers in both the troposphere and the stratosphere. However, little is known about the nature

and extent of this stratification in remote regions, particularly in the troposphere over the

oceans. Information is needed on the depth and horizontal dimension of these aerosol layers,

the aerosol variability within the layers, the relationship of the layer to the local meteorological

setting, and the life cycles of the layers. Such layers are important because they may provide
the only backscatter targets in an otherwise "clean" region.

The possibility exists of finding very low concentrations (,_ 1000 m-3) of very large par-
ticles (,> 1 _m) in the atmosphere, yet the concentration could still be sufficient to dominate

the backscatter in the large lidar sampling volumes. Few optical particle counters have volume

sampling rates large enough to detect such particles, but their presence could be very impor-

tant. Aerosol inhomogenities on small scales (< 50 kin) can have a significant impact on the

wind estimates derived from an array of lidar shots. Likewise, inhomogenities on smaller

scales (_< 1 km) can affect the representativeness of radial wind estimates from single lidar

shots. The probability of encountering inhomogenities at various scales is not well established.

The present understanding of cloud cover statistics (e.g., probability distribution of cloud

sizes for various cloud types and geographical regions) is probably not adequate for detailed,
quantitative estimates of the data loss at various altitude levels due to obscuration of the at-

mospheric regions below the clouds. Further studies using aircraft visible imaging would be

helpful. Airborne lidar experiments would also be a valuable source of this type of informa-

tion. The airborne lidar data can also directly provide percentage penetration estimates over

regions with various types of partial cloud cover. It would greatly help to have scanning

capability in order to assess the influence of nadir angle on probability of penetration.
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Estimatesof obscurationusingnadirviewsfrom a visibleimagermaybemisleadingin this
regard.

6.6 RECOMMENDATIONS

Theunderstandingof aerosolsandaerosolopticalproperties,particularlyastheyrelate
to proposedwind determinationtechniques,hasgreatlyexpandedduringthepastfewyears.
Thisexpansionhasleadto anawarenessof theneedfor furtherresearchto:

1. Use lidar, in situ measurements, and remote optical techniques to improve the

characterization of the free tropospheric and lower stratospheric aerosols on a global
scale.

2. Understand the effects of aerosol/wind speed correlation on the radial wind

measurements, determine optimum shot density and distributions to achieve accuracy

objectives, and develop criteria for identifying the areas and situations when reliable

Doppler lidar winds can be expected because of the unique form of the wind informa-

tion yielded by Doppler lidars (both coherent and incoherent). This basis should in-
clude the global aerosol distribution and cloud-free line-of-sight statistics.

3. Use the existing and ongoing tropospheric data sets from SAGE II and the Mauna Loa

Observatory to improve the global climatology of the free tropospheric aerosol.

4. Use satellite imaging to investigate the distribution of aerosol plumes over the oceans.

5. Establish a network of ground-based cross-calibrated pulsed lidars to make coor-
dinated measurements of aerosol backscatter and to establish local backscatter

climatologies at CO2 laser wavelengths. This should include one or more stations in

the southern hemisphere.

6. Establish improved calibration techniques for visible and near IR lidar systems to

allow quantitative aerosol backscatter measurements to be made in "clean"

tropospheric air masses.

7. Initiate a coordinated global-scale aerosol backscatter measurement program. These

programs should include airborne over-flights of all ground or ship stations as well as

special missions to provide backscatter measurements over a wide range of spatial
scales.

8. Use any future shuttle-based lidar mission to measure backscatter cross-sections on a

global scale.

9. Expand the high altitude aerosol laboratory at Mauna Loa to include simultaneous
CO2 lidar backscatter measurements and in situ measurements of aerosol

microphysical and chemical properties.

10. Develop a global scale aerosol model which describes the spatial and temporal
distribution of aerosol backscatter and the spectral variability from the ultraviolet to

the middle infrared.

11. Investigate special geophysical events, such as volcanic eruptions, as they illustrate the

extent to which aerosols are transported and modified.

12. Attempt to improve the understanding of the probability distribution of cloud sizes

for various cloud types and geographical regions using aircraft visible imaging and
lidar measurements. Percentage penetration estimates should also be obtained over

regions with various types of partial cloud cover using airborne lidar.
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SECTION7

AIR FORCEDEVELOPMENTSTOWARDSPACEWIND SENSING

7.1 INTRODUCTION

TheDefense Meteorological Satellite Program (DMSP) Office has designed a program for

developing an operational lidar wind sensor. The United States Air Force is advocating the

measurement of winds by the use of Doppler lidar in support of the increasing military re-

quirements. The second justification for Doppler lidar is for forecast improvement, especially

tropical storm movement. The following military activities would benefit from increased'--

knowledge of global wind profiles:

1. More effective planning by command and control agencies for force reconstitution

following a hostile attack.

2. Special forces and rescue/recovery operations have a high priority need for fine-scale,
accurate wind data for paradrops, deception/concealment activities, thermal stress/-

wind chill planning, and target scene forecasts.

3. Detailed spatial and temporal resolution of wind fields can assist decision-makers dur-

ing major aircraft movements and contingencies by minimizing flight times, minimiz-

ing fuel offloads, and maximizing airlift capability.

4. Other operations which will benefit from improved wind and temperature information

include data for programming missile reentry calculations, improved support to high

performance strategic reconnaissance aircraft, and better cloud forecasting in support
of reconnaissance missions.

On the local scale, the following military activities would benefit from from increased

knowledge of winds:

1. Army and Air Force aviation requires accurate wind fields, particularly for terrain
following or terrain avoidance missions. In addition, existing and future electro-

optical weapons systems require detailed aerosol and wind information for weapon

selection, target acquisition and lock-on estimates.

2. Space launch activities, both Space Shuttle and Expendable Launch Vehicles, need im-

proved wind information for stability and control during the initial launch phases.

Existing civil weather observing networks only provide wind, temperature, and water

vapor data of sufficient quality and density over the continental United States and Europe

during peacetime. The necessity for supporting the full spectrum of military contingencies

drives the requirement for worldwide weather information at all levels of conflict. This dic-

tates the development of a wind measurement system from a space platform. It is recognized
that peacetime sources of weather data may not be available during times of conflict. These

deficiencies dictate the development of a wind measurement system from a space platform. In-

itially, satellite-based techniques will only be able to support large-scale requirements. It ap-

pears that mesoscale requirements will be best satisfied by ground-based systems.

At present, the military has no direct measurement capability of wind profiles from a

space platform. Doppler lidar has been demonstrated on the ground and from aircraft to be

capable of accurately measuring wind speed and direction with good vertical resolution. The

same potential exists for space applications. However, extensive development needs to be car-
ried out before a space qualified Doppler lidar system is put into operational use.

PRE_ZEDh'_ P._GE EIL#_E':_ I',_OTF_LMED
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7.2 CURRENTLY PLANNED EFFORTS

The atmospheric lidar programs within the DMSP and the Air Force Geophysics

Laboratory (AFGL) include systems for stratospheric and mesospheric density and trace con-

stituent measurements, a mobile CO2 Doppler lidar, two non-Doppler mobile systems, and a
balloon-borne lidar for backscatter measurements.

The spaceborne Doppler lidar program, managed by the Defense Meteorological Satellite

Program Office, is divided into three phases. This long-term program is aimed at developing a

lightweight lidar system, with as low power as possible, that will eventually meet the Depart-

ment of Defense requirements. The first phase is the lidar sounder, a nonscanning, nadir view-

ing instrument, which may be flown as a space test program experiment. Since this experimen-

tal lidar is a nadir viewing system, no horizontal wind information can be derived from the

data. There are several objectives associated with this first phase. The primary objective is to

obtain global measurements and seasonal variations of aerosol concentration, cloud top

heights, surface reflectivity and visibility. The second objective is to demonstrate spaceborne
lidar technology, especially lidar reliability and life time in a space environment, and to

observe the time degradation of the system. The third objective is to further define the size and

power requirements of future operational lidar sensors. A polar orbiting free flyer such as

DMSP or TIROS can provide the relatively long-term global coverage to meet these objectives.

The proposed second phase of the lidar wind sensor development effort is a nonscanning

Doppler lidar system consisting of two lidar sounder type systems similar to that used in Phase

I. One transmitter/receiver would look ahead of the ground track by 45 ° and the other look

aft by 45 o. The objective of this phase is to obtain some horizontal wind information as soon
as possible for operational use.

The objective of the third phase is to develop a scanning Doppler lidar system capable of
measuring the three-dimensional wind field. This sensor with its higher pulse rate, and,

resulting larger power requirements, is anticipated to fly in the post-2000 time frame. The

large power, weight and scanning optics required are anticipated to be key drivers of the
spacecraft design.

7.3 RECOMMENDATIONS

Achieving a spaceborne lidar wind sensor will require advances in (1) simulations of lidar

components, which will provide key information on items such as laser efficiencies, laser

lifetimes, and data processing; (2) simulations of environmental factors including aerosol

distributions, propagation effects, and cloud distributions; (3) simulations on the

meteorological impact of lidar winds on weather analyses and forecasts; and (4) enhancements

of laser and receiver technologies which will lead to space-qualified components capable of

operating over a period of more than one year without degradation. Through an iterative feed-
back process between simulations and technological advances in lidar systems, the Air Force

plans to develop a scanning Doppler lidar system capable of providing global wind fields. The

recommendations to attain this goal include:

1. Conducting simulation studies with numerical weather prediction models to test the

accuracy of weather analyses and forecasts when only satellite observations are used;
the simulations should include cases in which the conventional data are denied over

relatively small regions as well as cases in which large areas of the globe have access on-
ly to satellite data;
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2. Fabricatinga ground "brass-board"lidar wind measurementsystemin order to
reducetheuncertaintyin theassumptionswhicharemadewhenscalingthelidar to a
spaceplatform;

3. Intensifyingthe developmentof space-basedlidar dataprocessingtechniquesand
establishingtrade-offsbetweenonboardandground-basedprocessing;

4. Definingthe critical subsystemsand/or componentsfor a space-basedlidar wind
measurementsystem,initiatinga criticalcomponentdevelopmentprogram,andiden-
tifying testswhichcanbeimplementedto evaluatethecriticalcomponents;and

5. Expandinginter-disciplinaryandinter-agencycooperationin aneffort to accelerate
thetechnologicaladvanceswhicharerequiredfor obtaininglidarwindmeasurements
from space.
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SECTION8

RECOMMENDATIONS

From theWorkshopdiscussionsa numberof recommendationsweremadeto advance
theuseof windmeasurementsandto furtherthedevelopmentof thewindsensingtechnology.
Thesehavebeendiscussedin somedetailin theprevioussectionsandaresummarizedbelow.

8.1 METEOROLOGICALUSESOFWIND MEASUREMENTS

A varietyof meteorologicalusesfor wind datawerediscussedby the Workshoppar-
ticipantsandthefollowingrecommendationsemergedfrom thesediscussions:For the global

and synoptic scales:

1. The coverage of the present global operational observing system for measuring winds

should be increased over the oceans and in the tropics and in the southern

hemisphere.

2. A horizontal resolution of about 100 kin, vertical resolution of about 1 km (4 0.5 km

in the boundary layer and vicinity of the jet stream), and temporal resolution of 6 h
are needed.

3. The accuracy of the horizontal wind components should be on the order of 1 to

2 m s-j in the lower troposphere and 2 to 5 m s-j in the upper troposphere, in order to

make the observing system over the oceans as useful as the rawinsonde network over
land.

4. Wind profiles should be measured rather than single-level data for use in numerical

analysis and forecasting, because the profile data can be utilized more effectively.

Also, recent simulation studies indicate that more accurate forecasts would result

from using additional wind profiles compared to those obtained with additional

single-level winds.

For the mesoscale, it is recommended that:

5. Satellite-borne remote sensing platforms should be used to obtain 100 km horizontal
resolution soundings of wind, temperature and moisture coincident in time and

space. For temperature and moisture, satellite-based platforms should be used to ob-

tain _ 10 km resolution soundings for a variety of mesoscale events.

6. Accuracies should be on the order of 1 m s-1 for the horizontal wind components and

1 K for temperature and dew point.

7. Ground-based systems should be used to fulfill high-resolution observational re-

quirements for meso-/3 and meso-y phenomena (see Table 2.2).

Observing System Simulation Experiments (OSSEs) are particularly useful for quanti-

tatively assessing the potential usefulness of proposed observing systems for global and meso-

scale numerical weather prediction, local weather forecasting and diagnostic studies of

atmospheric phenomena on a variety of scales. The OSSEs conducted to date indicate a very

significant potential for a space-based wind profiler system. However, these studies should be

expanded in a number of ways. Further work is needed to increase the realism of simulating

the future global observing systems, refine data requirements, determine the effect of im-
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proved utilization of current and advanced temperature sounders in relation to a wind pro-
filer, and evaluate the effect of more realistic wind profile observations. This includes the

effect of correlated errors, coverage, resolution and accuracy. Coordination between GCM

modelers and satellite Doppler wind profiler developers should be undertaken to improve
satellite wind profiler simulations by including in the simulation experiments:

1. A statistical parameterization of the scanning errors based on mesoscale simulations,
and

2. A statistical parameterization of the global aerosol distribution to account for its ef-

fect on the Doppler lidar signal-to-noise ratio and associated wind field errors.

It is also recommended that:

3. An additional model integration ("nature") be generated by ECMWF which would

provide an additional record of the "true" state of the atmosphere, in order to in-

crease the sample size for the OSSEs. Analysis/forecast experiments should also be

conducted using more than one model if possible.

For the mesoscale, physical parameterizations and objective analysis and initialization

methods must continue to be improved. A considerable research effort is required to develop

mesoscale simulation methodology. Following the development of such methodology the ef-
fect of alternative wind observing systems should be evaluated. The assessment should include

stability indices and precipitation.

8.2 WIND SENSING TECHNIQUES

The status of the various wind sensing techniques was reviewed for those instruments

which are currently operational as well as those which might be deployed in space in the
future.

For the operational systems, much of the discussion focused on how to improve the

quality, coverage, and utilization of the cloud-motion winds (CMWs). Further research and
development is recommended in the following areas:

1. The height measurement of clouds could be improved by:

(a) Implementing stereo cloud-top height (and perhaps cloud-base) determination

via simultaneous imagery from two geosynchronous satellites.

(b) Implementing multispectral infrared techniques from VAS data to measure
cloud-top heights.

(c) Increasing the utilization of surface data and thermodynamic calculations to
estimate cloud-base heights in the lower troposphere.

2. Provide sufficiently high frequency geosynchronous satellite imagery (e.g., 3 min im-

age interval) to calculate mesoscale wind fields several times a day.

3. Continue to use CMWs in tropical/subtropical environments. However, when the

cloud height uncertainty is greater than 50 mb, then the vertical wind shear should be

required to be less than _ 4 m s-j km -_ for suitable accuracy to be achieved. Also, the

cloud emissivities should be high enough that height uncertainties do not introduce

unacceptable errors. The use of the estimated shear could also be initiated, in con-

junction with estimates of height measurement errors, to assign expected error
bounds to CMW data in operational settings.
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4. Conductin situ verification of CMW estimates to determine actual representativeness

of these estimated in continental, vertically sheared situations. Measurements made

from ground-based wind profilers and aircraft equipped with inertial navigation

systems, such as those which could become available in upcoming mesoscale ex-

periments like GALE and STORM, could be used for these purposes. There is also a
great potential for the use of satellite lidar data in such verification studies. There is a
crucial need to know whether cloud-base levels are the most representative levels for

CMW level assignment, and what cloud sizes and types are the best tracers of air

motion.

5. Once the CMW heights are determined, the entire set of vectors must still be assigned
to a coordinate surface before the data can be utilized in either diagnostic studies or

for model initialization. Even if heights could be perfectly measured, the assignment

step could still introduce significant errors > 5 m s-1. This problem could be

alleviated by the following:

(a) A priori knowledge of the vertical wind shear profile (either from a mesoscale
model forecast or some instrument like the profiler) should improve the ac-

curacy of the interpolation of the CMWs from their actual levels to the coor-
dinate surface.

(b) In the absence of (a), an arbitrary assignment of CMWs to a sigma (o) surface
should reduce the magnitude of the vector differences between combined

(rawinsonde and CMW) winds and rawinsonde winds, unless a moisture discon-

tinuity is crossed, in which case,

(c) The use of multiple o surfaces representative of the different air masses is also
recommended.

to develop the capability to properly utilize CMW mesoscale fields, major opera-

like NMC, NSSFC, and PROFS should be encouraged to participate in addressing

topics:

Objective analysis techniques should be tailored to the specific characteristics of
CMW data, namely, their highly non-uniform coverage and their (presently inade-

quately understood) unique statistical structure. Existing CMW data sets are adequate
for this research, particularly those collected during SESAME.

7. Mesoscale model sensitivity studies need to be conducted to determine the utility of

cloud-motion wind data, since such data have not yet been shown to produce sus-

tained impacts in model forecasts.

8. Techniques need to be developed to allow CMW data to be merged or synthesized
with other mesoscale data such as from PAM, wind profilers, Doppler lidar, etc.

The instruments with potential for deployment in space were reviewed in terms of: (1) the

possible areas of application, (2) the present status in the development of the technique and
the hardware components, and (3) the expected resolution, measurement accuracy, and

coverage.

From the material presented it is recommended that:

1. Ground-based and airborne measurements by CO, Doppler systems be continued.

2. Ground-based wind measurements be demonstrated with incoherent Doppler lidars,

and at other wavelengths for coherent Doppler lidars.

3. Advanced lidars be developed in order to obtain global aerosol backscatter measure-

ments (0.35/_m to 11 _m).

In order

tional centers

the following

6.
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4. Contingenton successfulground-baseddemonstrations,detailed feasibility studies,

similar to the CO2 studies, be conducted for the incoherent Doppler lidar and the
coherent Doppler iidars at other wavelengths.

5. Development of passive sensors to measure stratospheric winds be continued.

6. The suggested improvements for obtaining better cloud-track winds should be im-
plemented.

7. The existing Seasat data should be exploited further to improve scatterometer ac-

curacy by: (l) developing an improved model function (backscatter-to-wind transfer

algorithm), (2) incorporating environmental parameters (e.g., sea surface tempera-
ture, moisture and heat fluxes, etc.) into a physically based model function, and

(3) developing improved alias removal techniques.

8. Further work be done to sharpen the user requirements for wind measurements.

Specifically related to Doppler lidar sensor development, the following recommendations
are made:

9. The global aerosols should be measured to confirm adequate aerosol backscatter to
support Doppler lidar measurements from space.

10. The lag-angle compensation for both coarse and fine control of the beam-pointing
should be demonstrated (can best be done in a spaceborne test).

I 1. A spaceborne Doppler lidar wind measurement system should be demonstrated.

12. The onboard Doppler lidar data processing and transmission should be demonstrated

to verify algorithm suitability (from either aircraft or space).

13. A Doppler lidar system with a compact, efficient 6 to 10 J laser should be built and
flown on an aircraft.

14. To accomplish these demonstrations, and upon further verification of the required
global aerosol distribution, a vigorous program for the construction and test of the

necessary ground-based, aircraft-borne, and spaceborne lidars is recommended,
starting in FY86 and completed by the early 1990s, leading to the construction of a
wind-sensing system for Eos.

8.3 ATMOSPHERIC AEROSOLS

The importance of aerosols and other tracers for measuring winds from space was also

emphasized. The discussion focused primarily on the aerosol requirements of Doppler lidar
wind observing systems. Further research and development is recommended in order to:

!. Use lidar, in situ measurements, and remote optical techniques to improve the

characterization of the free tropospheric and lower stratospheric aerosols on a global
scale.

2. Understand the effects of aerosol/wind speed correlation on the radial wind mea-

surements, determine optimum shot density and distributions to achieve accuracy ob-
jectives, and develop criteria for identifying the areas and situations when reliable

Doppler lidar winds can be expected because of the unique form of the wind infor-

mation yielded by Doppler lidars (both coherent and incoherent). This basis should
include the global aerosol distribution and cloud-free line-of-sight statistics.
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3. Usetheexistingand ongoingtroposphericdatasetsfrom SAGEII andthe Mauna
LoaObservatoryto improvetheglobalclimatologyof thefreetroposphericaerosols.

4. Usesatelliteimagingto investigatethedistributionof aerosolplumesovertheoceans.
5. Establisha networkof ground-basedcross-calibratedpulsedlidarsto makecoordi-

natedmeasurementsof aerosolbackscatterandto establishlocalbackscatterclima-
tologiesat CO2laserwavelengths.This shouldincludeoneor morestationsin the
southernhemisphere.

6. Establishimprovedcalibrationtechniquesfor visibleand nearIR lidar systemsto
allow quantitativeaerosolbackscattermeasurementsto be madein "clean" air
masses.

7. Initiatea coordinatedglobal-scaleaerosolbackscattermeasurementprogram.This
programshouldincludeairborneover-flightsof all groundor shipstationsaswellas
specialmissionsto providebackscattermeasurementsovera widerangeof spatial
scales.

8. Useanyfutureshuttle-basedlidarmissionsto measurebackscattercross-sectionson
a globalscale.

9. Expandthehighaltitudeaerosollaboratoryat MaunaLoa to includesimultaneous
CO2lidar backscattermeasurementsand in situ measurements of aerosol micro-

physical and chemical properties.

10. Develop a global scale aerosol model that describes the spatial and temporal distribu-

tion of aerosol backscatter and the spectral variability from the ultraviolet to the
middle infrared.

11. Investigate special geophysical events, such as volcanic eruptions, as they illustrate
the extent to which aerosols are transported and modified.

12. Attempt to improve the understanding of the probability distribution of cloud sizes
for various cloud types, and geographical regions using aircraft visible imaging and

lidar measurements. Percentage penetration estimates should also be obtained over

regions with various types of partial cloud cover using airborne lidar.

In addition to the wide range of civilian research and development activities which were

discussed, discussions were also held with representatives of the United States Air Force

(USAF) regarding their research and development plans in wind sensing technology.

Recommendations from USAF include:

1. Conducting simulation studies with numerical weather prediction models to test the

accuracy of weather analyses and forecasts when only satellite observations are used;
the simulations should include cases in which the conventional data are denied over

relatively small regions as well as cases in which large areas of the globe have access

only to satellite data;

2. Fabricating a ground "brass-board" lidar wind measurement system in order to

reduce the uncertainty in the assumptions which are made when scaling the lidar to a

space platform;

3. Intensifying the development of space-based lidar data processing techniques and

establishing trade-offs between onboard and ground-based processing;

4. Defining the critical subsystems and/or components for a space-based lidar wind

measurement system, initiating a critical component development program, and

identifying tests which can be implemented to evaluate the critical components; and
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5. Expanding the inter-disciplinary and inter-agency cooperation in an effort to ac-

celerate the technological advances which are required for obtaining lidar wind mea-
surements from space.
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APPENDIXA

TECHNICAL PROGRAM

of the

SYMPOSIUM AND WORKSHOP

ON GLOBAL WIND MEASUREMENTS

29 July- 1August 1985 Columbia Inn, Columbia, Maryland

SUNDAY EVENING, 28 July 1985

6:00 - 8:00 REGISTRATION and RECEPTION

MONDAY, 29 July 1985

8:30 am Welcoming Remarks

Robert J. Curran, NASA Headquarters

Wayman E. Baker, NASA/GSFC

PLENARY SESSION !

METEOROLOGICAL USES OF WIND MEASUREMENTS

I-A: Atmospheric Scales of Motion
Chairman: William D. Bonner, NOAA/NMC/NWS

8:40

8:50

9:10

9:30

9:50

10:10

10:30

10:50

11:10

I-A.1

I-A.2

I-A.3

I-A.4

I-A.5

I-A.6

I-A.7

Introduction and Overview

William D. Bonner, NOAA/NMC/NWS

The Relative Importance of Mass and Wind Data in the Current

Global Observing System

Eugenia Kalnay, NASA/GSFC

The Analysis and Forecast Sensitivity to Tropical Wind Data

Jan Paegle, University of Utah

Tropical Upper Tropospheric Motion Field

T.N. Krishnamurti, Florida State University

REFRESHMENT BREAK

Observation Requirements for the Regional Scale
Louis W. Uccellini, NASA/GSFC

The NMC Regional Analysis System

Geoffrey L DiMego, NOAA/NMC

The Impact of Mesoscale Data on the Simulation of a Mesoscale

Convective Weather System

J. Michael Fritsch, Penn State University

DOD Operational Applications of Wind Measurements

Allan C. Ramsay, OUSDRE
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11:30

11:50

12:10

1:30

I-A.8

1-A.9

pm

I-A. 10

Use of Ground-Based Wind Profiles in Mesoscale Forecasting

Thomas W. Schlatter, NOAA/ERL

Severe Wind Flows of Small Spatial and Temporal Scales: The
Microburst and Related Phenomena

Rita D. Roberts and John McCarthy, NCAR

LUNCH

Mesoscale Applications of Cloud-Track Winds in a Baroclinic

Atmosphere

Steven E. Koch, NASA/GSFC

I-B: Observing System Simulation Experiments

Chairman: Robert M. Atlas, NASA/GSFC

1:50 I-B.!

2:10 I-B.2

2:30 I-B.3

2:50

3:10 I-B.4

3:30 I-B.5

3:50 - 5:00

5:30

Observing System Simulation Experiments at GSFC
Robert M. Atlas, NASA/GSFC

Design of a Windsat Observing System Simulation Experiment

Clifford H. Dey and Charles P. Arnold, Jr., NOAA/NMC

Results of an Observing System Simulation Experiment Based on the

Proposed Windsat Instrument
Charles P. Arnold, Jr. and Clifford H. Dey, NOAA/NMC

REFRESHMENT BREAK

Use of Wind Data in Global Modeling

Jean Paiileux, ECMWF

Calculation of Geopotential and Temperature Fields from an Array

of Nearly Continuous Wind Observations

Ying-Hwa Kuo and Richard Anthes, NCAR

Planning Meeting for Workshop Participants

ICEBREAKER

TUESDAY, 30 July 1985

PLENARY SESSION !I

WIND SENSING TECHNIQUES

8:30 am Introduction and Overview

James W. Bilbro, NASA/MSFC

II-A: Operational Wind Sensing Techniques

Chairman: Fred Brock, University of Hawaii

8:35

8:50 II-A.I

Introduction

Fred Brock, University of Hawaii

Balloon Probing Techniques

James Arnold, NASA/MSFC
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9:10

9:30

9:50

10:10

10:30

10:50

11:10

11:30

II-A.2

II-A.3

II-A.4

II-A.5

II-A.6

II-A.7

II-A.8

Reference Level Winds from Balloon Platforms

Vincent E. Lally, NCAR

Balloon-Based Interferometric Techniques

David Rees, University College of London

Aircraft/ASDAR

James K. Sparkman, Jr., NOAA

REFRESHMENT BREAK

Cloud and Water Vapor Wind Measurements from Geostationary
Satellites

Tod Stewart, William L. Smith, and W.P. Menzel, University of
Wisconsin

Improving the Quality, Coverage, and Utilization of Cloud Motion
Derived Winds

William E. Shenk, NASA/GSFC

Interferometric Winds

W.R. Skinner, University of Michigan

Inferred Winds

John H. Ward, NOAA/NMC

11:50

1:10

1:20

1:40

2:00

2:20

2:40

3:00

II-B. 1

II-B.2

II-B.3

II-B.4

II-B.5

LUNCH

II-B: Potential Space-Borne Techniques
Chairman: Milton Huffaker, Coherent Technologies, Inc.

Introduction and Overview

Milton Huffaker, Coherent Technologies, Inc.

Doppler Radar Wind Profilers

Richard G. Strauch, NOAA/ERL

Gas Correlation Remote Sensing of Stratospheric and Mesospheric
Wind

Daniel J. McCleese, and Jack S. Margolis, Jet Propulsion

Laboratory

Satellite Scatterometers for OCeanic Surface Wind Measurements

M.H. Freilich, F.K. Li, P.S. Callahan, and C. Winn, Jet

Propulsion Laboratory

Incoherent, Excimer Laser Based, Doppler Lidar System
L Stuart McDermid, J.B. Laudenslager, and D. Rees, Jet

Propulsion Laboratory

Development of a 0.5 /Jm Incoherent Doppler Lidar for Space

Application

Ari Rosenberg and Jeff Sroga, RCA Astro Electronics

REFRESHMENT BREAK
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3:20 lI-B.6

3:40 II-B.7

4:00 II-B.8

4:20 I1-B.9

4:40 II-B.10

5:00 II-B.I 1

7:00 - 9:00

Aerosol Pattern Correlation

Ed Eloranta, University of Wisconsin

Coherent Doppler Lidar-Current US 9-11 _um Systems

Freeman F. Hall, NOAA/WPL

Current European Systems

Michael Vaughan, Royal Signals and Radar Establishment

1.06 /_m Systems
Robert Byer, Stanford University

A Discussion of the Effects of Wavelength on Coherent Doppler
Lidar Performance

T.R. Lawrence, NOAA/WPL

Comparison of Coherent and Incoherent Doppler Lidar Systems

Robert T. Menzies, Jet Propulsion Laboratory

POOLSIDE BARBECUE

WEDNESDAY, 31 July 1985

II-B: Potential Space-Borne Techniques (Continued)

8:30 II-B.12

8:50 II-B.13

9:10 II-B.14

Lockheed Windsat Study

Steve Martin, Lockheed Missile & Space Co., Inc.

Windsat Free-Flyer Using the Advanced TIROS-N Satellite

Herbert M. Gurk, Paul F. Kaskiewiez and Wolf P. Altman, RCA
Astro Electronics

Shuttle Demonstration Study

D. Fitzjarrald, NASA/MSFC

PLENARY SESSION !II

MEASUREMENT SIMULATION STUDIES

Chairman: Freeman F. Hall, NOAA/ERL

9:35

9:40 III.1

10:00

10:20 111.2

10:40 lII.3

11:00 111.4

Introduction

Freeman F. Hall, NOAA/ERL

Global Sampling Strategies and Accuracies

R. Milton Huffaker, Coherent Technologies, Inc.

REFRESHMENT BREAK

Doppler Lidar Sampling Strategies and Accuracies-Regional Scale

G. David Emmitt, Simpson Weather Associates, Inc.

Cloud Obscurations and Statistics

I4/. Snow, Air Force Geophysics Lab

Distribution of Atmospheric Aerosols and CO2 Lidar Backscatter
Simulation

G.S. Kent, U. Farrukh, P. Wang and A. Deepak, Science and

Technology Corp.
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11:20 III.5

11:40 III.6

12:00 pm
1:00 - 5:00

AerosolSamplingStrategiesfor a GlobalAerosolModel
David A. Bowdle, NASA/MSFC

Global Aerosol Distribution

Walter Frost and Gary G. Worley, FWG Associates, Inc.

LUNCH

Working Groups Prepare Recommendations and Draft Workshop

Report

SPECIAL SESSION:

AIR FORCE DEVELOPMENTS TOWARD SPACE WIND SENSING

Chairman: Vince Falcone, Air Force Geophysics Laboratory

7:30 pm

7:40 SS. 1

8:00 SS.2

8:20 SS.3

8:40 SS.4

9:00 SS.5

Introduction

Vince Falcone, Air Force Geophysics Laboratory

DMSP Lidar Program

Gary L. Duke and Richard Higgins, DMSP/Space Division

New Avenues for Lidar Technology

Milton Birnbaum, New Advances for Lidar Technology

Ground-Based Lidar Measurements of Stratospheric and

Mesospheric Density and Aerosols

D. Sipler, R. Phiibrick, C. Bix, and M. Gardner, Air Force

Geophysics Laboratory

AFGL Mobile CO2 Doppler Lidar

S. Alejandro, Air Force Geophysics Laboratory

Backscatter Measurements from a Balloon-Borne Lidar

D. Bedo and R. Swirbalus, Air Force Geophysics Laboratory

THURSDAY, 1 August 1985

PLENARY SESSION IV

8:30 - 12:00 Amend Report and Finalize Recommendations of Working Groups

12:00 ADJOURN
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John Theon
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APPENDIX C

GLOSSARYOFACRONYMS

AFGL
ASAP
ASDAR
ATS
CLASS
CMW
dB
DMSP
DOD
ECMWF
Eos
ERL
ERS-1
ESA
FGGE
GALE
GARP
GCM
GFDL
GHOST
GLA
GMCC
GSFC
HRDI
JPL
LaRC
MCS
MICRO-GHOST
MIST
MSFC
NASA
NCAR
Nd:YAG
NESDIS
NEXRAD
NMC
NOAA
NROSS
NSSFC
NWP
NWS
OI
OSSE
OUSDRE
OWSE

Air ForceGeophysicsLaboratory
AutomaticShipboardAerologicalProgram
Aircraft to SatelliteDataRelay
ApplicationsTechnologySatellite
Cross-ChainLoranAtmosphericSoundingSystem
Cloud-MotionWind
decibel
DefenseMeteorologicalSatelliteProgram
Department of Defense

European Centre for Medium Range Weather Forecasts

Earth Observing System
Environmental Research Laboratories

ESA Remote Sensing Satellite

European Space Agency

First GARP Global Experiment

Genesis of Atlantic Lows Experiments

Global Atmospheric Research Program
General Circulation Model

Geophysical Fluid Dynamics Laboratory
Global HOrizontal Sounding Technique

Goddard Laboratory for Atmospheres

Geophysical Monitoring for Climatic Change

Goddard Space Flight Center

High Resolution Doppler Imager

Jet Propulsion Laboratory

Langley Research Center

Mesoscale Convective System
Operational Successor to GHOST

Microburst, Severe Thunderstorm

Marshall Space Flight Center

National Aeronautics and Space Administration

National Center for Atmospheric Research

Neodymium dopant in a host crystal of Yttrium Aluminum Garnet
National Environmental Satellite, Data, and Information Service
Next-Generation Weather Radar

National Meteorological Center

National Oceanic and Atmospheric Administration

Navy Remote Ocean Sensing Satellite
National Severe Storms Forecast Center

Numerical Weather Prediction
National Weather Service

Optimum Interpolation

Observing System Simulation Experiment

Office of the Undersecretary of Defense for Research and Engineering

Operational WWW System Evaluation
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PAM
PROFS
RADARSAT
RCA
rms
RSRE
SAGE
SAM
SAR
SASS
SCALE
SESAME
SPACE
SSM/I
STC
STORM
TEA
TOVS
UARS
UHF
USAF
VAS
VHF
VISSR
WPL
WWW

PortableAutomatedMesonet
Programfor RegionalObservingandForecastingServices
RadarSatellite(Canadian)
RadioCorporationof America
root meansquare
RoyalSignalsandRadarEstablishment
StratosphericAerosolandGasExperiment
StratosphericAerosol Measurement

Synthetic Aperture Radar
Seasat A Satellite Scatterometer

Shuttle Coherent Atmospheric Lidar Experiment

Severe Environmental Storms and Mesoscale Experiment

Satellite Precipitation and Cloud Experiment

Special Sensor Microwave/Imager

Science and Technology Corporation

STormscale Operational and Research Meteorology

Transverse Excited Atmospheric

TIROS-N Operational Vertical Sounder
Upper Atmosphere Research Satellite

Ultra High Frequency
United States Air Force

VISSR Atmospheric Sounder

Very High Frequency

Visible Infrared Spin-Scan Radiometer

Wave Propogation Laboratory
World Weather Watch
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